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The  genes  encode  a molybdale-spectEc  tmn^orter  in  EscherfoAfo  co/r. 

When  the  ininKclIular  molybdate  coitcemralion  issufltcieni  to  support  the  aciivfty  of 
molybdoenzymes.  expression  oltiitmodABCD  operoncs  very  low  and  iixtreases  under 

SEI8I I),  whkh  mainiained  the  saire  level  of  expression  of  the  matlABCD  operon  in  both 

r^ulatoiy  gene,  designated  modE.  The  imdE  gene  constitutes  the  Erst  gene  in  a two- 
gene  modEF  operon  which  diverges  from  the  moiUBCD  operon  artd  codes  for  a 262- 

production  of  plasmid-encoded  ModA 


. and  ModB'  protein 


> ONA  derived  i 


oppareni  K„or0.22  ;iM  in  the  presence  of  10  pM  molybdsie  or  with  an  epparem  Kq  of 
1 .3  uM  in  lire  presence  ofl  0 uM  lungsiaic.  ONA-mobility  shift  experimenis  also 
revealed  that  a 50%  ofDNA  is  achieved  ar  a concentrarion  of6  pMmolybdare  io  die 
binding  reaction.  DNase  Nfeorpriniing  esperimenu  idenlified  three  regions  of  prorection 
byModE  in  the  modA  operaior/promoicr  region.  •QTTATATTG'  at  position  -15  to  -7. 
•CCTACAT  lU  position-3  to  *4.  and  •GTTACAr  at  position  -8  to  *14.  In  vivo  ModE 
titration  eaperiments  conhrmed  that  the  indicated  protected  regions  are  required  for 
etiiciem  binding  of  ModE  to  DNA.  A highly  conserved  amino  acid  sequence 
TSARNQXXC  (amino  acids  125  to  133)  was  identified  in  ModE  and  hoinologs  horn 
Azotofvicter  viw/onJii.  Haemophiht^  ifjjluensae.  RtwdofHJcrrr  ajpsulaius.  and 


or  C repressed  transcription  of  the  modABCD  operon  in  the  absence  of  molybdate, 
si^estifig  that  this  stretch  of  amino  acids  is  essential  for  binding  molybdate  by  ModE 
proteia  This  study  provides  evidence  that  ModE  serves  os  a repressor  o 
operon  in  reprise  to  intracellular  molybdate  levels. 


of  the  modABCD 


INTRODUCTION 


MolybdenuiD  is  required  for  Ihe  acthiiy  of  seseral  enzymes  found  in  enimais. 
plams.  and  bacieriu  such  as  sulfite  oxidase,  xumhine  dehydrogenase,  nimiie  reductase, 
formate  dehydrogertase.  and  luirogenase  (77).  In  humans,  suUtie  oxidase,  xnnrhtne 
dehydrogenase,  urtd  aldehyde  otodnse  have  nil  been  idcniUicd  as  motyhdoenTymes.  and  the 
absence  of  these  motybdoenzymes.  poniciilariy  sulHie  oxidase,  results  in  severe 
pathological  conditions  (37, 57).  This  medical  concern  coupled  with  the  foci  that  nitrogen 
cycLir^,  which  is  principagy  mediated  by  nhiogen  assimilation  in  plants,  requires  the 
participation  of  moiybdoen^ines,  has  spurred  interest  in  chometerizing  the  steps  invoked 
io  the  successful  incorporaliun  of  molybdenum  into  the  appropriate  apo.molybdocnzymcs. 
From  structural  studies,  it  has  been  determined  that  molybdenum  exists  in 
molybdoenzymes  inthe  form  of  a pterin-containing  molybdenum  coftretor  (MoCo).  with 
the  exception  of  niirogenase  which  has  on  iron-molybdenum  colaclor(FeMoCoHI,  31. 
57).  Other  studies  have  described  mutations  which  re.sufi  in  Ihe  pleiolropic  loss  of 
Tnolybdoenzyme  fonctioa  (31).  One  set  of  these  mutants,  defined  as  c/d  mutants  in  the 

hnetion  of  these  were  found  to  be  defective  in  ah  molybdoenzymes.  Including  nhraie 


A subset  of  these  chi  tmitanrs.  destgnaled  as  ch//7.  exhibited  e plciorrapic  loss  of 
iDolybdoenzynKS  that  could  be  suppressed  by  molybdare  suppleneniaiioo  of  the  growth 

indicaled  that  the  genes  in  this  location  comprise  the  molybdate-specific  transporter  (now 
called  motUBCr  S9),  with  RutdA  encoding  a molybdate-specific  periplasmic  binding 

transporter  closely  reseirdiles  the  estalfitsbcd  ATP-biitdlng  cassette  (ABC)  transporter 
motif  (3. 30),  Moreover,  similar  high-afiinity  molybdaic  transporters  have  been  describerl 
for  Aiolobader  vinelaadli.  Rhotlobacur  capsulaliu.  and  HiKmophiim  injhiencae  (20, 43. 
76). 

The  (act  that  mo  [ybdaie  supplemental  km  of  the  growth  medium  restores 
molybdoenzyme  octhiiy  in  E,  coll  motl  mutant  sintins  suggests  that  molybdale  is  eatable 
of  entering  the  cell  through  uliemaie  routes,  and  preliminary  experiments  indkate  that 
under  high  moiybdote  corKentration  condhions.  molybdate  can  be  transported  by  the 
sulfate-specific  transporter  as  well  as  through  other  nonspecific  anion  rnuisporters  (41, 

expected,  mod  inutanTs  exhibit  much  lower  rates  of  molybdate  transport  as  compared  to 

Having  shown  that  the  modABCD  genes  code  for  a mohhdaie-specific  tran^rter. 


ofmulybdsie.  Speci6cal)y,  high  level* 


InireccUuiar  molybdaie  resuiled  in  leduciion  efuuftScripiioRofthe  rni7(iJ5CZ>operon. 
of  the  madABCD  operon. 

repressbn  of  the  operon  upon  molybdiue*supplememiUjon  of  the  growth 

medium,  afforded  a staning  point  forlhesnxJy  of  the  molyhdaie-dependeni  repression  of 
the  motdf  operoiL  Determination  of  the  location  of  the  mutation  in  strain  5EI81 1 led 
to  identificaiion  and  suhsequem  chomcienzaiionorihe  putative  molybdute-dependent 
repressor(ModE)  oftbe  nrotU^CDoperon.  This  study  serves  as  an  trt-deplh 
examination  of  the  Mod£  and  its  interaction  with  the  modddCD  operon.  which  wilt 
ultimaiely  Ainher  the  understanding  o 


t fthc  production  of  the  tnolybde 


LITERATURE  REVIEW 


diiuBieoliiie(MGD)  moiety  (4,  S,  35, 57). 


apoproieiii  niiisis  reduciasi;  produced  by  a pkimiopk  nil- 1 mmant  of  Neurospora  i:rassa 
could  be  ruconsiiluied  by  (he  oddiUon  ofderuKured  pruparaiioos  of  purified 
molybdocDzymn  from  animai.  pEant.  fiinual.  or  bacterial  aouruea  134).  Thia  finding  tunher 
ifidicaied  that  moiybdoenzymea  have  a dissociable  molybdemini  moiety  and  also  shotsed 


Since  (he  native  molybdoplcrin  coGiclor  proved  exuefDely  labile,  initla!  ailemp(s  (o 
delermine  (be  siruclure  of  the  native  (nolybdetmm  cobeior  invorlvcd  dcrivstizaiioii  of  the 

detivadve  Fonxi  B (36).  Analysis  of  these  detivatives  led  (0  the  tdcntification  of  the 
tnolybdopierin  (MPT)  struciure  Ibr  (he  molybdenum  cofactor.  Later  siructuial  studies 
showed  that  dinucleotides  such  as  guanine  dinucleotide,  adenine  dinuckotide.  cytosine 
dinudcoikte.  and  hyposanthine  dinucleolide  can  also  be  associaled  with  the  co&cior  in  the 


QlybdoenzyriKS  (35).  In  £.  coll,  all  ( 


Fig.  I (57). 


sis  of  MGD  begins  Milh  I 


Fig.  I.  Scepsinvolved in ibcbns)iuhesisarihc organic ponionofUieinolybdemiiii 
co&ctor  in  E,  coll  (modified  from  Rajagopolon  ond  Johnson.  Re£  57) 


precursor  compound,  termed  precursor  Z.  Precursor  Zjoiru  \tidi  active  convenbi(t  Sscior 
to  produce  the  converting  Gscior-MPT  compkrx.  The  active  converting  dicior  responsibic 
for  the  conversion  of  precurrtor  2 to  the  convening  fiurtor-MPT  congsies  is  capable  of 
mediaiing  the  conversion  oitlj' alter  the  small  unit  ofibe  converting  &ctor  (MooD)  protein 
is  first  actrvsted  by  the  MoeB  protein  so  that  it  can  then  fbrm  a compiex  with  the  large 
subunit  of  the  converting  (actor  (MooE  protein),  thereby  producing  the  active  convening 
iBcior.  Atihispatni.  Ais  believed  ihai  activated  molybdenunt  combines  with  the 

guanylylates  the  molyUoptcrin  Ibrm  of  the  molybdenum  co&ctor  to  the  guanine 

Mnivhdaie  Transport 

As  has  already  been  indicaleJ,  a number  of  piekiiropic  E.  coli  chloraie.[esistam 
mutants  erdsi.  and  oik  type  in  ponicubr,  referred  lo  as  moef  mutants,  is  deficient  in  the 
uptake  of  molybdate  in  the  absence  of  molybdate  suppiememaiion  of  the  growth  medium 
(18.22.23.71).  Sequencing  of  the  muf  genes,  located  in  the  17  minute  regionof  the 
chromosome.  resuAed  in  the  ideniiflcaiiunofa  ferurgene  operon  designated  mxblfiCZ). 
modA  codes  fbr  a 257  amino  acid  molybdare-spceific  periplasmic  binding  proleinr  motlfi 

352  amino  acid  tronspon  energbrer  protein;  and  mo<iD  codes  for  a 23 1 amino  ocid  putative 
outer  membmne  protein  which  may  fiinciArn  us  a porin  (33. 47. 58. 60. 75).  It  should  be 
uairsponer  encoded  by  themo>14SC£l  operon  resembles 


sled  that  the  molybdaie-spcciSc  i 


pcript&smic-tnnding  proietn  (3.  30).  an  imesral  i 


membrane  channel-fbnnmg  proleina),  and 
an  ATP.bbding  ptoiein  which  is  Ihuughi  to  couple  ihe  hydrolysis  of  ATP  lo  transpon. 
Moreover,  when  molybdate  uptake  kinetics  were  tmostjpoied  in  an  coil  nw*i 

strain,  and  this  irnnsport  wnsshown to  bean  energy  requiring  process(14. 39).  Other 
presutnpilve  mot/ mutant  strains  tiansponed  molybdate  as  efficiently  as  the  wild  type 
strain,  but  these  strains  were  not  c^ble  of  retaining  the  imported  molybdate,  as 
evidenced  by  a rapid  loss  of  accuimiiaied  molybdate  when  cha.sed  with  unlabeled 

not  located  in  one  of  the  genes  coding  forlhc  motybdaie'Specific  transporter  it  apparently 
is  locaied  in  a gene  necessary  for  the  incorporation  of  the  moiybdeniim  into  the  ceOular 


Komologs  of  the  £1  coli  motybdaie-spedfic  transport  proteins  have  also  been 
identified  in  other  (acultalive  annerobes  such  as  H.  Influimae  Rd  as  well  as  the  nhrogen- 
fixingtecieris./.  vrne/oni/tV  and  Jf.  copiu/ultrs  (20. 43. 76).  In  the  case  of  the  W. 
influenzae  Rd  Mod  proteins,  a 49bi]  uknbty  and  SS%  similarity  for  ModA  wus  determined 
while  a 63V«  Idenlity  and  73%  sindlnrity  for  ModB.  nnd  a 33  % identity  and  66%  similariry 
for  Mode  were  found  in  relation  to  the  respective  £.  coii  proteins.  The  4.  vinelantJii 
homologs  show  27%  identity  and  38%  similarity  conqtared  to  £.  coil  ModA.  31%  identity 
and  47%  similarity  for  ModB,  and  44%  idenlity  and  38%  similnhty  for  ModC.  The  H 


for  ModA.  29%  kieniity  and  45%  similariiy  ftw  Modfl.  and  39%  Mcntity  and  55% 

Aakle  ftom  Ihe  sequence  simitarity  inpUcaung  the  A.  vintlandii  and  R.  copsuJatus 
hoipolaga'  involvtmeiil  In  molybdaie-^ilic  uptake,  there  are  also  genetic  studies  which 
suggest  that  these  proteins  do  indeed  constitute  tiv  molybdate-^sectik  transporter  in  Ihe 
restive  orgonisia  One  such  study  (50)  demonstrated  that  mutations  in  the  mnlB  and 
mode  genes  of  J.  wneiom/iVadowed  tor  eeptessionofthcahemate  nitrogenasc 
(heierometal-ftee  nitrogeiase)  in  the  presence  of  0.5  >iM  sodium  molybdate.  Since  it  has 
previously  been  shown  that  espression  of  the  alternate  nitrogenase  is  repressed  m the 
presence  of  molybdate  in  the  wild  type  (43),  it  may  be  concluded  that  these  mutations 
prevent  molybdaie-speciSc  transport.  Furthetinore-  muiations  in  moiH.  modB.  or  modC 
of  S,  capsn/aius  resulted  in  a loss  of  activity  for  the  molybdenunMoniainlngiutrogeoase 
as  vwU  as  derepression  of  the  transcrtplion  of  the  genes  encoding  the  heteromeial-&ee 
alternative  nitrogenase,  which  again  indicates  a loss  of  molybdate.specific  transport  by 

molybdenum  in  the  medium  resulted  in  reptesstonoftranscriptionof  Ihe  ahetitale 

The  hset  that  mutaiions  in  geaes  encoding  the  molytdaie.specific  transporter 
proieins  can  be  suppressed  by  Ihe  nddiiiooorsufiicieotly  high  cODccoualions  of  molybdate 
to  the  growth  medium  suggests  that  altemaie  routes  for  molybdate  transport  eaist  <41. 

61).  Funhermore.  there  is  evidence  thai  molybdate  is  capable  of  being  Iransponed  through 


ihe  suUiue/ihkisuUiiie  and  stknite  Iranspnn  sjacms  (4I.  SI),  whkliisiioi  surprising  giv«i 
the  smilarSy  in  chetgt  and  smiciiue  among  molybdate,  suifete,  and  selenate. 


Expression  oflheoiOiWK-’Oopefon  has  been  tavestigaled  m a variety  of  genetic 


backgrounds  by  tneans  ofnwiuloring  P-galaclosidase  nelivities  in  strains  harboring 
dHmoiiJ  •-  'lacZl  (38. 60, 61).  From  these  experitneius,  It  otas  found  that  mot£d  VoeZ 
expccSHOn  was  hsh  under  conditions  ofkiw  inltacellidar  moiybdate  as  in  the  case  ofmod 
mutants  grown  in  iredium  lacking  molybdate.  However,  when  there  isa  high  enough 
intrncelliilar  molvbdate  concentration  to  support  nitrate  reductase  or  formate  hydrogen* 
lyase  acthiiy  as  is  tlx  ruse  in  a molybdate  transport  competent  strain  or  a mod  strain 
grown  in  tnolybdate  suppicmemed  medium.  modA VocZcxprcsrion  is  very  low.  Since 
laolybdaie  aveilabnity  seemed  to  cflect  expression  ofthcrnttdHfiCDopeTOn.  the  possible 
role  of  MOD  synthesis  in  merf  expression  was  also  explored,  and  it  was  foand  that 
muiatiotts  in  die  moo.  moi.  or  woe  operons  did  not  appieciably  change  expression  of  the 


modABCD  operon.  However.  modA  ’■  'lacZ  expression  was  incteased  approximately  two- 
fold when  the  cells  were  grown  under  aerobic  conditions  or  when  cultured  onoerobicaliy  in 
i strain  containing  an /nr  muiadon  (60, 61).  Inspection  of  the  DNA  sequence  upstream  of 
modA  iranscripiion  start  site  did  not  reveal  any  putative  FNR  protein  (folding  tnoiiE 
consequently,  this  inciease  in  expression  of  the  modABCD  o^kko  in  a for  teckground  b 
nmsi  IDcely  a physiological  effect  of  the /nr  mutation  on  other  operons  like  narGHJI. 


I modABCD  t 


moiUBCD  expressioa  whereas  itiiraie  and  oicygen  did  noi  sipiiicanily  modi^j  expression 
levels.  This  sludy  also  evaluated  the  ONA  sequence  In  the  modA  operator/promoter 
region  which  tnighl  be  involved  the  molybdate-dependent  regulatloa  of  the  modABCD 
operoD.  It  was  determined  by  rnihalion  analysis  that  a ‘CATAA'  sequence  located  at 
poshioo-t-2  to  -rd  in  relaiion  to  the  ntudA  transcription  start  site  Is  irtvolved  in  bmding  the 
molybdate-dependent  regulator-  however,  a similar 'CATTAA'  sequence  located  at 
position  -t-12  to  -t-17  was  not  required  for  regulation. 

Further  analysis  of  the  miM  operaior/promoter  DMA  revealed  that  {here  is  an 
eight  base  pair  (bp)  inverted  repeat  sequence  ('TAACOTTA')  spanning  the  *4  to  *11 
regioru  This  invmcd  repeat  may  serve  as  the  actual  recognition  sequence  for  the 
nulybdate-depetaleitt  regulator  of  the  mot^ 0CZ)  operon  since  the  inverted  repeat 
sequence  overtops  the  -)-2  to  -td  sequence  that  had  been  implicated  in  regulator  protein 
binding.  Inverted  repeal  sequences  have  been  shown  to  constitute  the  binding  sites  for  a 
number  ofrepressor  pretcios  such  as  the  MetJ  repressor  protein  and  the  Tip  repressot 
(40,  54, 55). 


Although  the  molybdate-dependent  represrtoo  of  tnodSJCf)  expression  has  been 
reported  by  several  investigators,  the  causative  agent  of  tins  repression  had  not  been 
determined.  This  study  ideniifies  this  molybdate  dependent  repressor,  designated  Mod£- 

for  binding  the  repressor.  The  btieraclion  between  the  repressor  and  its  target  DMA  is 
examined  under  a variety  of  condition,s. 


MATERIALS  AND  METHODS 


MflTerisLs 

Biochcnucols  wtre  purchfised  from  Sigmo  ChemicaJ  Co  (SL  Louis.  MOl. 

enzymes  were  purchssed  from  New  EnyEend  Biolabs.  inc.  (Beverty.  MA)  orPromego 
(Modisoa  WI).  S30  cell  cnncl  was  purchased  from  Promega  (Madisoa  V/1). 
Scqueruse  2.0  was  obtuir^  from  Uruied  Stales  Biochemical  Corpomiioo  iCIevelaod, 
OH). 


used  am  dcrivsiivesof  EscAericMu  coli  K-12. 


liyplkose  peptone  (8BL.  Cockeysvilfe.  MD).  0 J?4  yeast  extract  (BBL)  and  0.5S  Naa 
When  necessary,  the  LB  was  supplemented  with  0.3%  glucose  |LBG)  and  I mM  sodium 
motybdaie.  Lactosc-MacConkey  agar  was  prepared  by  adding  filler<sierilized  lactose 
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BL2IXDE3 


&{!acU)l69rpsl 
fibBSSOI  deoCI  paf7 


RK43S3  mfg'^Jb;;Tn/M(Tel 
W^£0/^(/d4:t/3'5*geae;  fTT)) 


BWS4SWB115 


BW545  (&mo(3r-l(in)l  AR 
BWS45  (^nwJE'kniU  AR 
BW545  maiBJMiiTnJ  Al 


BW545»(iTO<U'-7ocry;S^ 

8WS45ARM37 

BWS43  (Ana/^-km)!  ARM37 
BW545  (iro«/£f-lm)l  ARM37 
BW545  mjJfttTn/O  ARM37 
SE2l06nafB::Tl</» 
SE21O7aKKfB^:Tn/0 
MC4IOO(JnMf£'knu.’ 


COSC6IS2 


(SEI93«xSEI934) 

(SE1938(S£I9I0| 

(SEI938xSEI32S) 
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UtZSi«{ma<iE'-1a:Z')] 

iR23|«(»irfr-W?  )| 
iRS45(Wu  -lacij  l*(TOr( 


lion  1%)  to  MocConkey  bene  [Difixi.  I 


.^mpkiHinOOO  kanamyciniSO  n&^nil). 
(15  tig/mi).  and  X-Bal{40  ag'ml)  were  ineludn 


Deiroii,  Ml)  after  autoclaving, 
:iracyoline(l5  gg/mL],  chloramphenicol 


(3%  v/v}  fresh  medium  io  13x100  mm  screw  cap  lubea.  The  cultures  in  Oiled  lubes  were 

b).  The  |3-gelactosidase  activity  of  SodruirKlodecyl-siiiraie  (SDS)'chlorolonn 
permeabilized  cells  was  assayed  by  measuring  the  rate  ofhydrolysts  ofO'nhrophenyl-p-D* 
galaciopyronoside  (ONPG)  as  per  MJler  (49).  The  acliviliea  ate  expressed  as  nsnomoles 

pratemlml  was  used  as  die  prolein  conleoi  uf  I ml  of  cells  at  an  optical  density  (O.D.)  of 
I.O  unit  in  a SpeciTonic  710  (Rochester,  NY)  spectrophotometer. 

FHl.  Mlivilks  Formate  hydrogen  lyase  activity  was  quaHtalively  determined  as 
previously  described  (fil). 


Genetic  Eimeriinents 

All  genetic  experimenls  were  conducted  as  per  standard  protoeols  (49). 


Plasmid  constructions.  The  plasmids  employed  in  this  study  ate  listed  in  Table  i. 
Standard  published  procedures  (45)  or  DNA  modifying  eniyme  suppiiere'  recommend- 


%enl  Gcnocype 


pACYCIM 

pTrc»9A 

pT7-7 

pUClY 

^AKTOS 

pSEIOfM 

PAOI-CI33D 

PAOI-Q3I6' 

pRMIO 


pRM26 


pT7  tac2'  Amp* 
tacZ’  Kjui*  Amp' 

pACYCUM  (.iKdABCDEFy  gal' 

PBR322  (aiaUgCOEr 

fUCl9(mxUBCy 

pTre99A(»K></r) 

pTrcWA 

pTicMA(/na/£;3J) 
pTrc»A(/iMrff;33) 
pTicYYA  (mo^£326) 
pUCI9(pm«M-ff) 

PBR333  |m«/»m  tmixIAaCDr] 

pMAK7(l3(moii£'-kiii) 

fVCI9(moiEf)gaie- 

pBR322(™/£F>-*o/C' 

pBRJMIitUPTOi/f-iocZ)) 

pBR322  {moJ£~  modF'kint 

pMAKTOS  [ W£  *(Jnck/F-knilI 

pT7-7  <««(££)' 

pBR322  (a  KndnMnil  rragPKnl) 
lMod£fl'ga/E 

pBR322  mmx/E'-lacZ)  mn/ri 

pUCI9  (*55  to +25  maU  opcnTor/ 
pUC19  (-30  to +25  0K^  operuof^ 


pAMIO  pUCI9(-II  la+25ntitKopcrBtor/pioiTioier) 


(24) 

(24) 

(24) 

(24) 

(24) 

(24) 

(24) 

(24) 


pAMI3  pUCI9(  moc/Dh^A  •l5lo<4ccl  ) Thisaiid>' 

pAMlS  pUCI9[*247lo  •2S,iU*4  lo*‘H>no(i4  Thissnidy 

opmiceipmnotcr] 

pAM)6  pUCtP(-243  to-^20nc^op«fVor/  T1ii$»U]dy 

pAMI7  pUC]9<-l7  operaior/promowr)  Tliis  study 

pAMIB  pUC19<‘l7iO‘1.4‘S  lP-17  upotilor/  Thissnidy 

pAMI9  pUCI9  ['17 10*1$,  ThbHudy 

pb;C  pCEM3ZF*  |(/iioJ£-y  Hemophilus  ApicuILl 

Inflenloe] 

phgH  PGEM3ZF*  [(uiot£4'\  Hemophilus  Apicclla 


A ^tmuJE'-'lacZ)  plasmid  vms  consmicied  bv  fiial  remover^ a 2.6<kb 
Hlndlll  fragmem  from  plasmid  pFGHIS  coniaining  Ibe  ganessnd  ligaiing 

ilinioihe  A>il-///jidlll  siles  of  plasmid  pUCI9  lo  yield  plasmid  pRMI  I.  Since  the  S’ 
region  of  the /nut/£  gene  was  not  pccseiu  in  plasmid  pRMI  l.aO.i-kb  J^I  fragnzni  from 
plasmid  pFCHIS  comaining  this  S'  region  ofihe  moi/fgete  was  insened  in  framelo 
eonstnict  plasmid  pRMI2.  Tbe  m»f££.ga/£ ' DNA  was  then  moved  to  plasmid  vector. 
pBR322  by  Ugaiinga3.2-kb£coRI-«ndm  fragment  from  plasmid  pRMI2  imo  ibc 
cortesponding  siles  in  plaanid  pBR322,  resulting  in  plasmid  pRMlJ.  Plasmid  pRMU 
proved  to  be  unstable;  however,  the  removal  of  the  lei  gene  in  the  vector  DNA  as  a 
/ftndin-.4wil  fragmeiu  from  plasmid  pRMI3  loghe  plasmid  pRM25  resolved  the 
instability  problem.  A 3.2-kbSmal  fragment  eocodiag  the /bc2  gene  from  plasmid  pZI9l8 
(66)  was  then  ligated  into  the  Jjni  site  (In  modE  gene)  of  plasmid  pRMI3  whkh  hod 
previously  been  modified  using  the  kienow  fraginenl  of  DNA  polymerase  I (Klenow). 
Ihereby  crealing  plasmid  pRM26.  Plasmid  pR.V06  produced  |i-galactosidase  activity  from 
the  mods  promoter.  Subsequent  transfer  of  the  *{madE  '■  'lacZi  into  the  chromosome  of 
strain  BW545  was  accon^lished  by  firs  recombining  in  vivo  the  Wo  and  mod£  '■  'laeZ 
from  piosmid  pRM26  with  kRZ5  lo  produce  iRM26.  Strain  BW545  was  then  transduced 
with  phage  XRM26. 

In  Ihe  course  of  Uiis  study,  two  dilfcreni  modE  expression  plasmids  ware 
consinicied.  Plasmid  pAOl,  used  fijr  Ihc  production  of  ModE  muuuits,  was  creoled  by 
ligating  a Klenow-modified  870-bp  E^\  fragment  comaining  the  promoierless  modE 
gene  from  plasmid  pFGH  1 5 inco  Die  Emdl  site  of  tb  pioc-hased  expression  vector 


pTrc99A.  Tte! 


5ion  piasmid.  pRM22,  used  for  purUicoiion  of  ModE. 


was  constructed  \sj  Ujjuiingan  EcvRl'/findlll  Ifagflieni  which  contained  ihemodEF  genes 
from  plasmid  pRMI2  Into  the  £coRi-///adin  sites  of  plasniid  pT7>7. 

The  moddd'cnauiiniag  plasmid,  which  was  used  in  the  in  vitro  coupled 

from  pbsinid  pSE1009  into  the  .Sato)  site  of  plasmid  pUCI9,  )delding  plasmid  pRhfl. 
Plasmid  pRMl  carries  the  entire  aukU  gene  hut  u truncated  aioddgene  (mod6'  lacks  the 

for  the  purpose  of  in  vivo  ModE  lilration  eapcrimenls.  One  such  plasmid,  pAM4,  was 
produced  by  liguling  a f^nl-SslEn  fragment  from  plasmid  pSEI  009  (the  £srEII  end  was 
modifred  using  Klencw  enzymel  which  covered  the  -247  to  +25  sequence  of  the  modi- 
operator/promoter  region  iaio  the  Kpnl-Hlnc\l  shes  of  plasmid  pUC19.  The  plasmid 
pAM4  deleiion  darivaiive  plasmids  pAM5  and  pAMd  were  obtained  by  nuclease  Bal-3 1 
treatment  of  A^l-digested  plasmid  pAM4  followed  by  religation.  Theestenl  oflhe 
delelioiis  in  plasnids  pAM5  and  pAM6  was  determined  by  sequencing  the  DNA.  AnotlKr 
derivative  of  plasmid  pAM4,  plasmid  pAM7.  was  created  by  ranxtval  ofanfcoNl-EcoRl 
fragment  (-247  to  -56  of  modd -operator/promoter  region)  from  plasmid  pAM4  and 
subsequent  reiigaiion  ofler  the  ends  had  been  tilled  in  with  KJenow.  Plasmid  pAM3  was 
conslrucled  by  removal  ofa2l7-bpdpol  fragment  (-247  to -31  ofototW-opeialor/ 
promoter  region)  from  plasmid  pAM4,  and  plasmid  pAM9  was  achieved  b^tigalinga 
A^l-/tpoI  Gogmeni  (-247  to  -55  ofaiod^-operolor/promner  region)  fromplnsmid 


pAM4  imo  the  Kpn[‘/4pol  sites  ofplasniid  pUCI9.  Plasmid  pAMU)  vais  produced  by 
dii^esting  plasmid  pAM8  wiih^pul  followed  by  nuclease  Bal‘31  Lreainatiii  and  leligBiion. 
Again,  the  extern  of  the  deletion  was  determined  through  sequencing  the  DNA 
Consuttctioii  of  plasmid  pAMI  3 relied  on  polymerase  chain  reaction  (PCR)  generation  of 
B 64g.bp  hagment  using  the  foUowing  printers  synthesized  by  National  Bioscieitces.  loc. 
(NBI.  Plyniouth.  MN):  PrinKrdl.  5’ AAGOATCCOTTATATTGTCGCCTAC  3'.  which 

ntoAI-operator/promoter  and  Primer  5'  OCTOGCAACTQCaTC  3'.  which  U 
con^lementaiy  to  sequence  ktcaied  in  the  3'  end  of  modi.  The  64g>bp  fragment  was 
digested  with  domHI  and  Accl  to  give  a 634-bp  fragment  which  was  ligated  into  the 
BamHl/Accl  sitea  of  plasmid  pUCI9,  thereby  yielding  plasmid  pAMI3.  Plasmid  pAMIS 
was  obtained  as  a result  ofmurtg  bean  nuclease  treatment  and  religalloo  ofP^NOfrl- 
digested  plasmid  pAM4.  Plasmid  pAMI6  lesuhed  frommung  bean  nuclease  treatnvnt  of 
the  RsrEll  end  ofaXpel-frstEII  fragment  from  ptasmid  pSE  1 009  which  was  then  ligated 
into  the  A/Ml-ffincII  sites  of  plasmid  pUCI9.  Plasmids  pAMI7,  pAM18,  aiul  pAMI9 
were  constructed  by  tigaling  Ihc  oligomers  which  contained  various  portiotis  of  moild- 
operBior/promoicr  sequence  into  vector  plasmid  pUC19.  These  DNA  oligooters  were 
synthesized  by  NBI.  Complementary  oligomers  were  anneakd.  polynucleotide  kinase* 
tteaicd  and  digested  whh  dumHl  prior  to  ligating  imo  the  sites  of  ptasmkl 

pUCI9.  The  mod-insert  DNA  in  plasmid  pAMIT  has  the  following  36-bp  sequence 


5'  CGCAATCCTTATAT  TGTCCCCTACATAAOATCCCG  3',  while  pksmkl  pAMI8’s 
iiisen  has  a 45-bp  sequence.  5'  CGGAATCOTTATATTGTCGCCTTOGAACOTTAC 


ATTGOATCCCC  3’.  and  picsnki  pAM I » contains  the  roUowinii  3)-bp  sequence  S 
'CCGAATCGTTATATrGITACATTGGATCCCG  3'  insen. 


plasmid  DMA  was  carried  oui  eascniially  as  described  by  Davis  « al  ( IS)  wUh  minor 
mudificalions.  A reaciion  miMure  conlainins  7.3  pg  ptasmid  pAG!  DNA.  40  pi  of 
pbosphoiC'EDTA  buOer  [0.5  M K*POj.  pH  6.5: 5mM  EDTA).  80  pi  of  freshly  prepared 
hydroxylomine-hydrochloridesolurlcin.  pK  6.0  (0.33  g of  NH:OK-HCL  0.36  ml  of  4M 
NaOH.  4.44  ml  distilled  H.O).  and  50  pi  deionized  H.O  me  incubated  at  57"C  for  18  h. 

phenol  enraction.s  and  B I : I chloroform  exImcibiL  Auhis  point.  Die  plasmid  DNA  was 
ethanol  precipitated,  and  the  dissolved  DNA  was  psed  to  transform  competent  cells  of 
strain  RK4333.  Total  plasmid  DNA  isolated  from  these  Imnsformants  was  then 
transformed  into  competent  cells  of  strain  SEI81 1 for  identilication  of  mutant  ModE 
cuniohiing  plasmids.  The  resullam  Iransformams  were  plated  on  lactose-MacConkey  agar 
whhand  whhoul  ImMsodhimmolybdaic.  While  colonies  were  picked  from  media 
lacking  molybdate,  and  red  cobnies  were  picked  from  the  media  supplemented  with 
molybdate.  The  levels  of  p-gaiaciosidase  acliviy  were  determined  for  the  SEI81 1 cdls 
containing  the  mutant  plasmids  to  confirm  the  presumpirve  phenotypes.  The  entire  madE 


Hydro aylamine  mutagenesis  of 


reoch  selected  i 


All  DNA  sequences  generated  in  the  couise  of  this 


which  had  been  isolated  by  alkaline  ly»s  procedure  and  purified  by  t 


plasmids  < 


chtoride  density-gradiefitcemriAigaiion  (28. 62).  For  sequencing  imiiom  nroc/£  genes,  ihe 
primers  used  were  syniliesaed  by  die  DNA  Syiuhesis  Core  Facility  of  the  Inierdsciplinaiy 
Center  ibr  Biotechnology  Research  at  the  University  of  Florida  based  on  die  sequence  of 
die  wild  type  nrodf  DNA  Tlx  DNA  sequences  were  aimly2ed  bv  usii^  compuier 
software  programs  GCG  (6.  13.  I6)and  Genepm  (Rivei^de  Scienliftc,  Seanle.  WA). 

Hlnrh-q]vwl  nf  MnriF 

cullure  of  strain  BL2IXDE3(pRM22)  was  incubated  at  37*'C  with  vigorous  shaking  (2S0 
rpm)  uniil  on  optical  density  of  l.Q  was  rexhed.  lsopropyl'[i>D.|ltiogalacro‘pyninoside 
(IFTC)  was  then  added  to  a final  concenlmlianofO.S  inM  to  iiduce  phage  T7-RNA 
polymemse  and  high  level  expres^n  ofmor/E.  After  incubauon  Ibr  on  additional  two  h.. 
Ihe  cells  were  harvested  by  centriftrgadon  at  8.300  xg  for  10  min.  and  were  resuspended 
in  8 ml  of  extraction  bufter  [50  inM  Tris-HCL  pH  7.5;  0.5  tnM  EDTA;  OJ  Wglyceroh 
ImM  dithiothreiioUDTT)).  This  cell  suspension  was  passed  twice  through  a French 
pressure ceU  (20.000  Ihrin’).  The  broken  ceU  suspension  was  centrifuged  at  100.000  xg 
for  60  min.  to  remove  cellular  debris.  The  resuftonl  supematoni  was  loaded  onto  a 10  ml 
Q Sepharose  fest-ftow  column  (Pharraacin)  that  had  been  equifibraicd  with  50  mM  Tris- 
HCL  pH  8.0.  Progress  ofihe  protein  sample  through  the  column  waa  moniloted  using  a 
chart  recorder  connecled  to  a UV  light  (280  nml  absorborce  detector.  After  applkalion  of 
die  prolein  sample  to  die  Q sepharose  column.  Ibe  column  was  washed  widi  SO  mM  Tris- 
HCL  pH  8.0  untD  a baseline  on  the  in'  absorbance  trace  had  been  established.  The  column 


uhsequendy  washed  with  Tris-HCL  pH  8.0  buffer  coraainii^  0. 1 M NaCL  The 


column  ms  \raahed  wiih  Ihk  buRer  unlU  praleinno  bnger  eluied  from  Ihe  column  us 
indicuied  by  u mufn  10  Uk  baseline  on  Lhe  UV  ubsocbancc  rrace.  The  column  was  liien 
washed  successively  with  Tris-HCl  pH  8.0  conuiining  0.2  M 0.3  M 0.4  M.  OJ  M,  and 
l.OMNua.  Praclionscontuining lhe ModEpraieineluied  with 0.2  MNuCl  ThebulTer 
of  the  ModE'Coniuining  protein  solulion  was  exchanged  ro  10  mM  phosphate  bufler.  pH 
7.  by  using  an  EconoPiic-IODO  desalting  column  (BioRad  Uboraiories,  Heioiks.  CA) 
prior  to  loading  the  protein  on  It)  a 5<ml  heparin  column  (HiTrap;  Pharmncial  that  hod 
been  equdibrated  with  1 0 mM  phosphate  buffer.  pK  7.  Bound  proteins  were  stripped 


from  the  heparin  column  by  successive  washes  whh  10  ruM  phosphate  hufTcr.  pH  7.0 

proceeded  as  indicated  above  for  the  Q sephnrose  chiomoiography.  ModE-coDtaining 
protein  fractionseluicduiasali  concentration  ofOJSM.  At  this  point,  iheModE- 


cumaifiing  protein  sair^k  was  concentrated  using  a Centricell*20  spin  cartridge 
(PolyscicDces,  Warrington.  PA).  Thu  buffer  ofthe  ModE  solution  was  exchanged  whh  25 
mM  hisiidine-HCI  buller.  pH  6.2  and  the  protein  was  applied  to  a 10-ml  Folybuffer 
exchanger  94  column  (Phannacial  equiltbraled  with  25  mM  hislidine-HCI  buffer.  pH  6.2. 
The  column  was  waAcd  whh  polydnifler  74.  pH  4.0.  and  the  ModE  protein  was  eluted 
when  the  pH  of  Ibe  efiliieni  reached  approximately  4.5.  The  ModE  protein  was  stored  in 
to  mM  phosphate  buffet'IOTh  glycerol.  pH  7.0  at  a fmal  protein  concemraiion  of 0.42 
mg/ml.  Theeniirepurificalionprocesswascanducledatd’C.  Since  the  inirmsic 


properties  of  lhe  ModE  protein  did  not  lend  itself  to  conventional  deieetioD  by  UV  light  at 
280  nm  or  detection  by  the  Bradford  assay  (9).  ModE  protein  was  monitored  by  the 


polyflcrylamkle  ge{&  N-ie 


I dciCTirartaiion  afsay  (701  as  well  as  by  decrrophoresb  in  (SDSl- 
ermifial  amino  acid  sequencing  (pcrtbrmed  at  ihe  Inlerdisciplinan' 
Cenicr  for  Bioiechnokjgy  Research  Proicin  Chemisiiy  Core  Laboralory  at  ihc  Unrveisiiy 
ofFloTida)  was  used  lo  conirrm  Ihe  idemity  of  the  purified  protein  as  Mod£.  Matrix* 


assified-desoiplion  lime-or-flighl  specirometrk  deierminacion  of  the  molecular  weight  oF 
purified  ModE  protein  was  kindJy  perfoimed  by  Dr.  Preston. 


translation  experiments  using  S30  extract  and  L-(”SImethionine  to  monitor  (he  expression 
ofmoiiA  and  ntodR ' front  plasmid  pRMl  in  the  presence  and  absence  of  ModE  and  I mM 
sodhun  molybdate  were  condiicicd  as  suggested  by  Promega.  Three  ug  of  plasmid  pRMl. 


pmol  ofModE  artd  I mM  sodium  molybdate  were  included  in 
the  S30  reaction  mixiures.  Tbe  ’^S-labeCed  proleins  were  separated  by  electrophoresis 
through  a SDS-I5H  potyncrylamkle  get  Following  completion  of  the  cleclrophotesb, 
the  resulting  gel  was  imnsfetTed  to  Whatman  3mm  paper  and  was  dried  under  vncuum. 
X-ray  film  (Fuji  RX)  was  then  applied  to  tbe  gel  for  autoradiographic  visualization  of  the 
labeled  proteins.  Quantification  of  Inbeled  proteins  was  accomplished  by  using  a 
phosphorimager  (Molecular  Dynamics.  Sunnyvale.  CA). 

MubilitY  shift  experiments.  DNA-mobiliiy  shifi  experiments  were  perfbnrKd  os 

describedbyFriedandCroihefS(2l)wilhmodilicarkin.  These  experiments  used  a bindiog 
reactior  buffer  consisting  of  10  mMTris-HCL  pH  7.9.  lOmMMgClj.  SOmMNaCL  I 

mM  DTT.  and  5»i  glycerol.  The  reaclbn  mixture  conlatned  the  binding  reaction  buffer. 
DNA.  and  protein  in  a final  volume  of  1 0 pL  Tbe  reaction  mrxruras  weir  Incutaied  at 


37'C  Ibc  30  min.  prior  lo  loading  onto  5%-paiyKi>lamkie  geb  ioTris-bonue-EDTA 
bunitrlluil  had  been  prenin  111  100  V at  room  lempeiaiure  Ibr  approximsioly  60  min<Si>. 
During  the  dccirophoreaU,  uuik  bufler  was  uoiubuously  circulaied  using  a Minipub  II 
pump  (Gibon).  The  migration  patrema  of  the  binding  reactions  in  the  resulting  geb  were 
visualized  by  autoradiugrspby.  and  various  bonds  in  the  geb  were  also  quentiCed  using  a 
phosphorimoger. 

Experiments  derigned  lo  ascertain  ibe  ^parent  dissoebtion  constant  |Kp)  for  the 
binding  ofModE  to  Its  target  DNA  featured  a 43-^  oiigonucleolide  synthesized  by  MBI 
whiehspans  the -IS  10-1-25  region  ofthe  atodri-operaior/proiraiieT  sequence.  For  the 
DMA-tnobiliry  shift  experiments,  the  43-bp  oiigonucleolide  was  end  bbeled  using  kinase 
to  (riMsphorybie  the  5'  ends  with  y-I”?]  from  Y-[“P|-deoxyadenosme  triphosphate 
(dATP).  Unincotpntaied  label  was  removed  by  passing  the  labeled  oiigonucleolide 
through  a G-25  microspin  column  (Pharmacia).  The  reaction  mixliires  prepared  for  these 
experimems  contained  0.1  poiol  of  the  43-bp  labeled  oiigonucleolide  as  well  as  0.  I.S.  10. 
25. 50.  100.  250,  SOO.  and  1000-fold  excess  ofModE.  ViOicn  aniropriale,  sodium 
molybdate  at  a final  concemraitonaflO  uMor  1 mM  was  abo  included  in  the  reaction 
mixtures.  Experiments  which  had  sodium  molybdate  in  the  reaction  mixtures  abo 
contained  sodium  molybdate  in  the  geb  and  elcetrophoresb  bufters  at  the  saiw 
concenijaikm  as  that  present  in  the  binding  reactions.  In  some  experiments.  1 0 pM 
sodium  molybdate  was  replaced  with  sodium  lungsiale,  sodium  sulfate  or  sodium  onho- 


. gebandtanlc  buffers. 


' DNA-motnlhyshiA  experimems  designed  Ig  dele 


of  mnlytidaie  required  forhalT-iniximal  bindine  ofModE.  die  binding  reeciiiiB  included 
difierem  conceotmdons  of  sodium  malybdele  ranging  from  1 pM  lo  I mM  usueU  as  O-I 
pmo)  43-bp  oiigonKT  and  20-fbld  excess  ofModE.  Two  polyacrylamide  geb  were  run  for 
lUs  experimeni.  one  with  I pM  sodium  molyhdaic  preseni  in  die  gel  and  rank  bufler  and  a 
second  gel  having  ! pM  motybdoie  preseni.  Binding  reacUons  with  I pM  lo  I pM 
molybdaic  were  eleciruphoresed  through  Ibe  1 pM  molybdaie  geL  and  binding  leanions 
having  I pM  lo  I mM  molybdaie  were  subjected  lo  elecitphoresis  Ihrough  iIb  gel 


Indus  study,  die  measure  of  the  afliniiy  ofModE  Ibr  hs  largei  DNA  b reported  ns 
an  appareni  dissociation  constant  value  (K,,  value).  The  dbsDciaiion  consiam  b defined  as 
the  concentration  of  protein  required  for  SOW  binding  to  the  target  DNA  Apporem  K„ 
values  describing  bindii^  of  ModE  to  DNA  were  deiermmed  by  pkming  the  concentration 
OfModE  preseni  in  the  bindiis  reaction  versus  the  resultam  percent  ofshifled  DNA 

were  carried  out  essentially  as  described  previously  (42, 56. 65).  For  these  experiments,  a 
446-bp  Fspi-HiniWl  fragmenl  from  plasmid  pAM4  wltich  cariis  »wii4-operator/ 
promoter  DNA  panning  from  -247  to  +25  was  labeled  iismg  a-“P-dATP.  dCTP,  dGTP, 
and  dTTP  (NEN.  Boston,  MA)  using  Klenow  lo  Ell  in  the  ///mUI!  end.  Binding  reactions 
having  alotal  volume  of  20  pi  were  prepared  which  comained  0.1  pmol  of  the  labeled 
DNA  0.  I,  10,  100.  or  lOOO-fbId  excess  ModE,  I mM  sodium  molybdate,  an 
reaction  bufiim  used  in  the  DNA-moIxlity  shiA  experiments.  binding  real 


be  binding 


incLibaied  for  30  min.  ai  37”C  prior  to  addijijg  1.5 of  DNase ) (Sigmai.  The  DNa 


Ircaimeot  continued  lor  two  mimiies  beroie  adding  1 5 til  slop  solution  (34  otM  EOTA. 
6.5  M anunoniuin  acetate).  ElhanoUl  10  )tl)  then  added  to  precipitaie  the  cleaved 
DNA  fraginenis.  The  precipitated  DNA  was  tesuspended  in  6 pi  deiotuzed  H.OonddpI 
Sequenasc  stop  solution  (USB),  and  the  samples  were  eiectrophoresed  through  an  854 
poKacrylaiDide.TBE-deoaiuring  gel.  Aher  drying  the  gel.  ouiondiography  was  tLsed  to 
detennine  the  areas  of  DNA  protected  by  ModE  from  DNase  I dcavage. 

nerefmiMliiin  nf  the  naleculnr  weiahl  of  the  ModE-43-ho-DNA  cuaatfcs  using 

association,  binding  reactions  containing  0.1  pmol  ofa43<bp  oligomer  (*18  to  region) 
and  2S0<lbld  excess  ModE  were  prepared  as  described  for  the  DNA'tnobility  shiA 
experimems.  The  binding  reaction  Sandies  were  then  eiectrophoresed  through  a 5. OK. 
6.0%.  7.0%  or  8.0%-polyocryiamide.TBE*nandenaltiring  gel  as  desenhed  under  DNA- 
mobility  shiA  exprrriments.  The  diBercnces  in  the  Revalues  [mignitkmDftlie  sample  (emV 
ntigraiionoflhe  dye  front  (cm))  for  the  Mod£-DNA  complexes  after  eleclroplioreais 
thntugh  the  different  concentration  polyacrylamide  gels  was  then  compared  to  values 
obtained  for  protein  standards.  For  the  dcteminalion  ofthe  R,valuesofthe  protein 
standards,  15  pg  of  loctalbumin  (14,200  Da).  20  pg  of  carbonic  anbydrase  (29,000),  20  pg 
ofchklcen  egg  albumin  (45.000  Da).  15  pg  of  bovine  serum  albumin  (66.000  Da 
monomer.  132.000  Da  dimer)  and  6 pg  of  urease  (240.000  Da  dimer  and  480.000  Da 
letramer)  were  eleciropboresed  along  wi(h  the  ModE-DNA  complex  in  varioLS 

nondenaluringgels.  AploiofllK[log(It.x  100)]  versus  % gel 


polyacrylamide-TBE-n 


‘ weight  standards  was  then  generated.  i 


derived  for  each  of  the  standards  dam  this  plot  were  then  used  to  produce  a Ferguson  plot 
weight  of  the  ModE-43*bpH3ligt>mercamplexwas  determirted  by  extrapolation  dom  the 


RESULTS  AND  DISCUSSION 


Evidence  for  a Rcvulaior  The  modABCD  Qperon 

one  of  the  proteins  which  form  the  molybdaie-specific  traiuponei,  ModA,  ModB,  or 
Mode  will  cause  a loss  of  activity  for  the  cell's  conrplenieni  ofmolytdoenzymes  |SS.  6I|. 
This  phenotype,  which  con  be  suppressed  by  molybdate  supplementation  of  the  growth 
medium,  suggests  that  the  cells  coiitainins  these  mutations  are  unable  to  tran^rt 
molybdate  under  conditions  oflow  inolybdale  concentration  in  the  growth  medium  (22, 
29.48,61,  67,  71).  Restoration  of  the  activities  of  molybdoenzymes  with  the  addhion  of 
I mM  molybdate  to  the  growth  medium  also  iodkaies  that  a sufficient  intraceUular 
concentration  of  molybdate  is  generated  by  alternate  routes  of  molybdate  Utmspon  other 
than  the  molybdate*specific  Irnnspon  system  in  f.  coh‘ (41, 61).  Although  a rtnlybdate- 
specihe  transport  system  has  been  defined  in  various  organisms,  the  mechanism  for  the 
regulation  of  the  genes  coding  for  the  comportems  of  the  transport  mschinery  Is  not 

A general  approach  for  initial  investigation  of  the  regulalion  ofgenesofimeies  in 
Escherichia  coil  is  to  construct  laeZ  fiisions  in  the  appropriate  genes  and  then  monitor  the 
resulting  0*galactosidaae  activities  under  a variety  of  experimental  condtiiom  uikI  in  a 
numberof  genetic  backgrounds.  In  this  case,  the  genes  of  interest  congirise  the 
30 


modABCD  optmn.  tmd  E.  t'fl/i  strain  SE2069,  which  contains  a chromosomal  • 
lacZ)  fusion  was  used.  Since  sixain  SE2069  has  ils  modA  gene  imemipied  b.v  Ihe  locZ 
gene  liisian.  it  is  funcuoRall)'  a mod  muiaiii  suain.  Using  sixain  SE20i9.  it  was  (bund  ihai 
a high  level  ofimnif  - '/ucZespressiaii.  monitored  as  P-galaclosidnse  acliviiv.  was  only 
achieved  in  ceQs  grown  in  L8G,  a medium  which  coniains  trace  amounis  orconfaminaiing 
molybdaic  (Table  3).  Therefore.  Ihe  foci  (hal  high  level  expression  of»ioi4t '-YueZ  is  only 
seen  in  the  absence  of  added  molybdaic  intirrales  Ihni  the  modABCD  operon  is  subjeci  lo 
repression  only  when  suliicieni  inixacelluliir  levels  ofmolybdoie  are  present.  If  this  is 
indeed  the  case,  a mwT  £.  coH  (strain  BW545)  ^uld  transcribe  the  modABCD  operon  al 
very  low  levels.  In  order  lo  lest  this  possiWity,  the  moM  - ‘laoZ  fusion  6oio  strain 
SE2069  was  transferred  to  phage  (iSEl)snd  incorporated  into  Ihe  i orr  site  ofthe 


Low  levels  ofexpressioo  otmodA  '•  Yoc2  in  the  wOd  type  nrotf  strain,  strain 
BW54SIASE1).  regardletss  of  supplementation  of  molybdaic  to  the  growth  medium  iTable 
3).  implies  ihai  the  functional  molybdate*speciftc  transporter  brings  in  suSicietU  leveb  of 
molybdate  from  the  LBC  medium  to  repress  the  modABCD  operon.  In  the  presence  of  a 
mutation  in  any  of  the  first  three  mod  genes  lundcBned  point  nmialion  b a given  mod 
gene),  derepressed  levels  otmodA '/aeZfiomiSEI  result  only  b the  absence  of 
molybdate  supplemcntaibn  ofthe  growth  medium. 

Further  informatbn  coitceming  the  nalure  ofthe  molybdate-dependent  repression 
ofthe  modABCD  opetoo  was  afforded  ty  complemcniatbn  studies  of  a spontaneous 


TsWc3. 


SE2069 

BW545(XSEI) 

SEI392USEI) 

SE1595(iSei) 

SEI602(iSEI) 


‘lacZ)  2,400  250 


20  <10 

2,330  165 

1.980  150 
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specifled.  P-galacioskiase  aciiviiies  are  e:9rcs5cd  o.s  [unoIesminule  '-milOgramof  cell 


I.  The  kvelofmtxW'-  fucZ 


imium  of  sfrain  of  SE2069,  Jcsignaiod  as  stioin  SE 1 8 1 1 
et<pressicHi  by  strain  5E18I I remained  high  even  in  the  presence  ofl  mM  molybdate, 
suggesling  lhai  this  miiiaiion  inactivaicd  the  gene  responsible  for  lire  molybdaie-dependem 
repression oflhernikMflCDoperon  (Tabled). 

By  phage  Pt-nredlaied  iransditcilort.  ihe  mitiorian  which  rlcrepressed  mntU 
rrxpressioninsirtrinSEISIl  was  mapped  cbse  ro  nmlid.  The  tdenrilicsiion  ofrhe  gene 

coniaining  dlBereni  regions  ofthe  mm/DNA  inlo  strain  SElgl  I . As  presented  in  Table 
4.  the  inlroducrioD  ofplasfflkl  pSEIOOd  which  harbors  micUBCD  DNA  as  wcU  ns  on  open 
reading  Eaine  diverging  bom  rhrs  operon  into  strain  SEI8I I resitlled  in  both  the 
restoration  of  molybdate  transport  as  indicated  by  the  return  ofFHL  activity  b the 
absence  of  added  inolybdaie  b strttb  SEI8I I as  well  as  the  resioraibn  ofmolybdaie- 
dependent  reprcssbtiofthctnmdfdCDoperon  in  Lhb  strain.  Introduclbncf  piastnid 
pSE1009  which  has  motiiflC  DNA  only  restored  the  molybdaie.specific  trai^xtn  b 
slrab  SEI 81 ) as  seen  by  the  presence  ofFHL  acUvity  but  did  not  restore  the  motybdnte- 
depeodent  tepreasbn  of  motif  laeZ  enpressbn  in  this  strata.  As  ettpected  both  plasmids 
complemented  the  motit  mutaibn  in  parent  strata  SE2069. 

It  should  be  noted  that  there  is  a dispaiily  in  the  p-goJaclosidase  activity  values 
produced  by  strata  SE20b9  (Tobies  3 and  4)  which  is  most  Idtcly  Ih:  rasttll  ofalklk 
variations  in  strain  SE2069.  The  higher  vtthie  from  Table  3 was  obtained  approximately  2 
years  prior  to  the  value  shown  in  Tnble  4.  while  Ihe  value  from  Table  4 is  charttclerislic  of 
values  which  are  now  routinely  obtained  ftir  strata  SE2069. 
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Table  4.  CompICTDemaiionaf ihe  mutolion  insiminSEISI  1 for  molybdAte-dependeni 


repression 

otlhe  ATOiA4^‘Z7operaii 

Slralo 

^ ^Mo  +Mo 

SEISII 

9^modi-lavZ\,modE  1,300  IJOO 

SEISIl(pSE1004) 

^{nmdA-tacTi.  mmiE. 

{moilABCDef  290  260  + 

SEI8ll(pSEI009) 

^{modA-locZ).  modE. 

{moUABO-  IJOO  IJOO  * 

SEJSlKpAGI) 

^{modAdacZi,  moJE. 

[modE)'  600  100 

SE2069 

<KmrKi4-(oc2)  UOO  200 

SE2069(pSEI004) 

<HmodA-lai:E).[m,>dABCDE)-  300  300  ♦ 

SE2069(pSE1009) 

^imodA-locZ).  [modABC)'  300  300  + 

gebcioMdue  DClivitiesarcexpiKseil  as  nanoiiKiln  lainuie milU^aniorceU  proldn  ' 
abseni;  +,  presenL 


The  DNA  preseiu  in  plamud  pSE  I U04 1 


: inplosmiJ  pSEI009  wnssubcloned 


too  plesmid  vector  pTrc99A  to  yield  plasmid  pAGl.  The  introduction  of  this  plasmid  into 

^W1  by  the  low  kvelofmoiil - VacZ expression  for  strain  SE18I  l(pAGI)  with  Ihe 
addition  ofl  mM  sodhuti  molybdate  to  the growth  medium.  The  lower  level  of  tokM 
VucZ  expression  fbrSElfil  l(pAGI)  in  the  absence  of  added  molybdate,  (600  unitsofp- 
galnciosidase  activity,  as  0|^x»ed  to  1.500  units  Ibr  straji  SEI8 1 1),  is  most  likely  due  lo 
Ihe  presence  of  multiple  mpies  of  the  plasmid  in  each  cell  Presumably,  there  is  this 
higher  dosage  ofrepressor  in  strain  SEI8I I cells  as  a result  ofUie  presence  ofplasmid 
pACl.  any  trace  nmouni  of  molybdate  present  in  the  cell  would  serve  to  enhance  tbc 
paniai  repression  oftbe/noiid  VocZ  seen  under  these  conditiona. 

Based  on  the  rcsuhs  presented  in  Tables  5 and  4,  it  can  be  concluded  that  there  is  a 
molybdaie-dependenl  repressor  whidi  acts  lo  limit  expression  of  the  modABCD  operoa 
when  a sufficient  imnicelfular  concentration  of  molybdate  is  sensed.  The  gcrre  that 
presumably  codes  for  this  repressor  is  designated  reotfZ.  and  the  ntorf£  gene  is  located 
adjaceoi  to  the  modABCD  operan  but  is  transcribed  in  the  opposite  direction  compared  lo 
the  modABCD  opmn 

Analvsisgfmgiffrmia 


SEI8I I was  sequenced,  and  a two-gene  operon  starting  444  bp  upstream  of  the  modA 


i idcniiBed  (Fig.  2;  modiBed  Som  60).  These  i 
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&afxm.  designaled  modE  i 


noJF,  arc  uanscribcd 'm  (he  < 


ompared 


(53,900  Do),  respectively.  An  eighi-bp-stcni  six-bp-lnop  con  be  iderlified  in  the  DNA 

opposing  arrows  in  Fig.  2.  This  DNA  is  locaied  between go/ and  modABCDopaoK  Oi 
the  E.  coli  chromosome,  and  the  galETK  opemn  is  Iranscribed  in  the  sanK  direction  ss  the 
modEF  opmn 

A search  for  proteins  that  bear  stmiiarity  to  Mod£  was  conducted  resulting  in  the 
detection  of  lour  homoiogs  (Fig.  3)  The  hoinoiogs  were  identified  as  ModA  fiotnA. 
vimlandlH25%  ideiitity.  45H  similarity)  (43)  (renamed  ModE  [5D|).  ModE  from  hi 
mflueiKue  Rd  (48  »•  identity  , 5854  similarity)  (20).  MopA  from  K.  Capsulalus  (34% 
identity,  46%  similarity)  (76),  and  MoplI  from  C.  puntiirianum  {29%  identity,  46% 
similarity)  (32).  A possible  heiix-lum*helri  motif  which  is  a known  prokaryotic  DNA- 
Ming  protein  structure  motif  (32)  has  been  identified  in  the  N-tcrminal  port  of  the  £ coli 

Since  H.  injtuencae  ModE  is  almost  60%  similar  to  £ coli  ModE  and  both  ore 
liicuttalive  anaerobes,  it  was  thought  that  the  H.  In/Iueiaut  ModE  homolog  may  be  able  to 
suhstituleforIhe£  co/r  ModE  protein  in  the  ModE  deficient  £ co(i  strain  SE 1 8 i I.  This 
possibility  was  tested  by  monitoring  the  oiotM  - taeZ  ejjjression  in  strain  SEi  81  i which 


stormed  with  a pla 


Ilii  ilfii  lllil  Ilif  fill 


3S 


Fig.  3.  Aniinoficids«iiBiKesofllKhofnologsaf£co«ModEproiein.  AvModE,.4 
vtntlamlli  ModE  (43);  EcModE.  £ coli  ModE;  HiModE.  H.  Injlmraic  Rd  (20); 
RcMopA.  A ModE  (76);  CpMoplI,  C pBJfeia-iVwum  MoplI  (31).  DoLbIc 

dots  rcpresem  ideniily,  and  single  dols  tepresoiu  conservsiiw  suistitulioiis.  Shadow  prim 
indioues  the  conserved  SARNQ  sequence.  All  idemiry  and  simOarity  designaiions  are  in 
relaiion  lo  £ coU  ModE.  A presirniprfve  helix-Ium-helix  DNA  binding  region  in  £.  cpii 
ModE  is  underlined. 
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(plasmid  pIsgG).  A level  o(im*dA  ‘-7ui‘? expression  was  seen  for  strain 
SElSlKpbgG)  ihni  was  cultured  in  LEG  suppleinenied  with  1 mM  sudium  molybdate 
(Table  S)  veri^dng  that  the  fi  In/luenou  ModE  protein  con  fiiiiclianally  substitute  Ibr  E. 
co/(ModE. 

modF  Six.  Expression  of  the  modF  gene  from  a T7-based  expression  vector, 
plasmid  pRM23.  yielded  a S-l  kDa  protein  when  visualized  after  SDS-P AGE.  This  size  is 
In  agreement  with  the  expected  size  based  on  the  DNA-sepuence  derived  amino  acid 
sequence.  Database  searches  revealed  no  homologs  off.  cof/ ModF  proteiru  but  frinher 
cxaminaiion  of  the  smino  acid  sequence  identified  two  ATP-GTP  binding  site  laoiifr  |F%. 
2). 


As  of  yet.  the  Amotion  of  modF  has  not  been  determined,  since  deletions  of  the 
modF  gene  did  not  result  in  a detectable  phenotype  for  FHL  production  or  modA  gene 
expression  or  ociivity  under  the  condhions  used  in  this  study.  A study  by  Doirel  el  aL 
(IT)  hasdesenhed  and  presented  the  sequence  ofu  gene  involved  in  phoiorceaivaiion 
IpkrA).  This  DNA  sequence  is  situated  within  the  modF  gene  presented  in  Fig.  2.  Based 
on  their  studies.  OoiKleial.  proposed  that  the  38  kDa  PhrA  protefri  is  necessary  for 
phoiorepair.  However,  the  findings  that  a 34  kDa  protein  and  nol  a 38  kDa  product  was 
observed  when  modF  wns  expressed  in  a T7  RNA  polyroerascKiriven  expression  system 
and  that  Ihe  expression  of  $(modf'- YaeZ)  responds  lo  regulation  by  ModE  (dots 


■modF. 


: DNA  in 
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Tables.  Compleinetolioiiorihc  mo/£  irmiolion  In  strain  SEI8II  with  H.influeicat 


SEI8II 

SEISIKpIsgGI 


gHlacTosidase  activities  are  expressed  as  nanomoles'  rnniuie'''  tnilligram  of  cell  protein*'. 


R«ulniionofwuu:4  bv  MadE 


In  ordEr  for  die  inieracinn  ofMod£  with  iu  lErget  operon  moiUBl'D  to  be 
invc3ij)pted.  Ibe  Mod£  proiein  firta  had  lo  be  purified.  ModE  proiEic  was  overexpresscd 
and  purified  as  indicaied  in  '^aleriais  and  Methods"  section.  The  protein  yield  after  each 
purificoiion  step  is  sbown  in  Table  6,  while  the  purity  of  ModE  after  each  purification 
procedure  is  presented  in  riguie  4.  A final  yieki  of  purified  ModE  proiein  of  SH  of  total 
protein  in  the  extract  was  obtained,  and  this  proiein  wosjudijed  to  be  pure  by  native 
polyncriyamidc  clectraphoresis  (not  ahovvn).  SDS-PAGE  (Fig.  4).  and  N-tcrminnl  ornino 
acid  sequencing  of  the  protein.  The  first  twelve  amino  acids  ore  MQAEILLTLKLQ  and 
these  correspond  to  the  prediaed  amino  acid  sequence  of  the  protein  (Fig.  3).  The 
molecular  mass  of  the  purified  protein  was  determined  to  be2S.27l  Dousing  matrix* 
assisted  laser  desorption  ionization  time-of-fiight  mass  spectrophotometry.  This  mass 
vohie  is  in  agreement  with  the  predicted  value  of  25.200  Da  based  onthe  DNA  sequciKc* 
derived  amino  acid  sequence  as  well  as  a value  of  39.000  Da  obtained  after  SDS-PAGE. 

rniipieU  in  vum  inuucnniion.trajubtinn  fxnerimenix.  Experiments  in  which  the 
(3-gaiactosidase  actvhy  of  modA ‘laeZ  was  monitored  in  two  isogenk  strains,  one  having 
I rtinclional  modE  gene  (strain  SE2069)  and  the  other  carrying  an  inactivating  mutation  in 
modE  (strain  SE 1 81 1 ) suggested  that  ModE  represses  transcription  ofmoiM '-’/neZand 
presumably  the  mod-lfiCD  operon  ina  molybdoie-dependenl  £ashion(Tah4e  4).  Adrract 
approach  to  bvestigaiing  the  interaction  of  ModE  with  its  target  DNA  is  to  deiennine  the 


Table6.  PuriScmion profile oTModf 


Fraciioii  Toiol  Purificaiion 

proiebi  (fold) 

(rag) 

Extraci  238  1.0 

Q Sepharose  (aai  flow  57  4.2 

HiTrap  Heparin  16J  14,4 

Chromaio(bcusing  12  19.8 
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Fig. 4,  SDS-PAGE cmolysisorproicmsfixjmdinemu sugesofModE purUiciuion.  Lane 
I.  moleciilaMveigtii  markers  llrom  lop:  phosphorylase  b,  97,400;  bovine  serum  albumin. 
66,200:  ovalbumin.  4S.OOO;  cartonic  an^drase,  3 1 .000;  trypsin  inhibitor.  2 1 ,500: 
iysozyme.  14,4001;  lane  2.  exlracl:  lone  3.  proteins  sRer  Q Sepbarose  bst-flow 
puriiicBiian;  lane  4,  proieinsaRer  HIT rap  Heparin  purificalioiu  lane  5,  proteins  after 
chromniofocusit^.  A 25-pg  amoimi  orprotein  was  loaded  into  each  oflanes  2-4.  A 10- 


kv«l  ofex^imsion  of  inrgei  genes  t with  and  wnhauiihe  eflnior  (ModE)  inan 

in  viiTO  coupled  iranscription-translolionexperimenl  wiih  S30  exunci. 

For  Ihese  coupled  transci^lbn-lracalalion  expetrnKiiu.  plcsiud  pRMI  ONA. 
coniaifiingfm)r44j3'  was  incubated  wfib  E.  co/i  S30  extract  with  and  without  I mM 
sodhimmol^daie  and  40  pmol  ofModE.  In  these  experiments,  the  moiybdatc 
concentration  was  maintained  at  I mM  since  the  affintty  between  the  protein  and 

molybdaie  or  some  other  derivative  of  molybdate.  It  should  be  noted  that  the  S30  extract 
provides  all  the  constituents  necessary  for  production  ofproieins  from  a DMA  template 

mbnure.  Tbe  resultant  autoradiogram  (Fig.  fr)  and  derivative  Pbosphorimager  data 
indicate  that  the  presence  ofModE  in  the  reaction  mixture  reduced  production  of  the  26- 
kDa  ModA  protein  and  the  24>kDa  ModB'  protein  by  48  and  65%.  respectively  (lanes  1 
and  2).  In  Fig.  5.  two  bands  are  labeled  as  ModA.  ModA.  which  has  been  shown  to 
(unction  os  a molybdatc*binding  protein  (59).  has  a putative  24  amino  acid  leader  signal 
peptide  thought  to  be  responsible  for  its  localization  in  the  cell's  peripbsmic  space  (60), 
Given  Lhal  ModA  has  a signal  peptide,  the  upper  bend  would  be  the  unprocessed  modA 
w4iile  the  lower  band  would  be  ModA  wnhnul  its  leader  peptide.  With  tbe  additioo  of 
sodium  motybdaie.  repression  of  modAB  ‘ expmssion  was  even  greater  with  over  90% 
decrease  in  production  of  ModA  and  ModB' (Fig.  5.  lanes  3 and  4).  The  decrease  in 
producrioD  ofModA  and  ModB'  even  in  the  absence  of  added  sodium  mo 
likely  due  to  the  presence  of  contammaiing  motybdate  in  the  S30  extract. 


alybdoie  is 


ModA  ( t SS  - 
ModB  ► 
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sanpks  in  lanes  2 and  4 appear  lo  comoin  a loiulofless  labeled  proiein  than  is  preseni  in 
(be  ofher  lanes.  This  disparity  in  (heamounrs  of  labeled  protein  is  due  to  the  presence  in 
these  samples  of  low  molecular  weight  (partially  degraded?)  protein  products  which 
migrate  faster  than  the  dye  front  during  eleccrophoresis.  Addttbn  of  molybdate  alone  did 
not  significantly  reduce  the  omounl  ofModA  and  ModB'  produced  in  the  reaction 
tnixiure.  Ihus.  the  reduction  in  the  production  ofModA  and  ModB'  proieir^  wiihModE 
in  (be  reaction  mixtures  confrnns  that  Mod£  acts  os  a repressor  of  the  moiUBCD  operon 
and  (hat  this  repression  is  enhanced  by  molybdate. 

In  rm  eBbtt  to  further  show  that  ModE  was  bindir%  to  (he  modA  operator/ 
promoter  DNA  and  thereby  reducing  expression  of  (he  opeion,  a 43-bp  DNA  fragmtm. 
believed  to  encompass  the  ModE  target  binding  region,  was  added  to  the  transcription- 
translation  reactions  along  with  the  ModE  protein  in  order  to  titrate  out  ModE  and  relieve 
The  repression  of  modAB  '.  The  added  DNA  is  a 42-bp  DNA  derived  from  the 
operator/promoter  region  ofmodil  spanning  -9  lo  w33.  With  the  addition  of  50-fokl  mote 
42-bp  oligomer  as  compared  to  plasmid  pRMl  in  the  icaction  mixtures,  production  of 
ModA  was  restored  to  6Syi  of  the  levels  seen  wiihoul  ModE.  and  inclusion  of  100-fold 
excess  of  42-bp  oligonuckotide  fully  restored  production  ofModA  and  ModB'  lo  the 
levels  seen  in  the  absence  ofModE  (dala  not  shown).  Clearly,  even  though  the  DNA  used 
lo  coii^eie  for  the  binding  of  ModE  carried  only  a pan  of  ibe  operaior/promoier  region  of 
the  moiUBCD  operon,  the  SO-fbtd  and  lOO-fbld  excess  ofthis  DNA  coir^ared  to  the 


lempldic  DNA  prcseiu  in  Ihc  reactions  was  sufficienl  to  eliminaie  cfBcieiU  biitding  of 
ModE  to  piasmid-borne  ta^el  DNA. 


nniracIcriMlinn  of  the  Immcmn  of  ModE  with  modi  Oofraior/nroiTMiCT  DNA 
D«mmn.l.on  ..r  Modp-,  tioao.  hinHino  .m,  vroocn^  usinn  in  vivo  titrauon 
ennerfments.  Tile  rationale  for  this  series  of  experiments  aimed  at  idefUilying  the  region 
of  DNA  in  the  modi  operaior/promoter  region  required  for  successltjl  binding  of  ModE 

form  of  plasmid  DNA  containing  the  repressor’s  t^ing  ^efs)  should  result  in  the 
binding  of  a certain  fraction  of  the  repressor  moicuules  produced  from  the  chromosomal 
copy  of  nod£.  With  tb:  repressor  moieculcs  bound  to  Ihe  plasmid  DNA,  and  thus  not 
avaiisblc  as  free  protein,  repressor  binding  at  its  target  site  on  the  chromoseme  should  be 


reduced.  This  reduction  ofbinding  to  the  chromosomal  ModE-Unding  site  can  be 
monitored  using  an  appropriate  modA  '•  ‘faeZ  fusion  in  the  chromosoirK.  More 
speciBcally,  various  ienglhs  of  DNA  tanging  from-2d7  to  *25  of  Ihe  modd- 
operator/promoler  region  were  cloned  into  the  multiple  cloning  she  of  the  high  copy 
ptosmid  vector  pUC19.  as  described  in  -Materials  and  Meibods"  seciioii.  The  resuHani 
plasmids  were  subsequently  transformed  inlo  strain  SE2069,  which  contains  a 
chromosomal  ^modi  '•  7oc^. 

An  initial  inspection  of  the  motif  operaior/promoiei  DNA  suggested  that  perhaps 
an  eighl-1^  inverted  repeat  {TAACC1TA)  spanning  Ihe -M  to  *11  region  in®hi  be 


and  met  repressors  (40.  J4. 55).  Ho 


'inspeciionoflhei 


• DNA  tcwaJcd  i 


jfCTTA! 


{Pig.  6).  Specifically,  ihece  are  S GTTA  leiniiticTa  {ret\^een  ibe  [ranslaiioQ  sian  afieaof 
modA  and  modE  and  oil  ore  locnlcd  near  the  rnndA  end.  U is  especially  nolable  lhai 
of  Uie  GTTA  leiramera  siniddle  lhe-10  regioa  and  that  there  isaCTTA  leliamer 
inverted  repeat  (the  eight'bp  inverted  repeat  referred  to  above)  krcaied  4>bp  downstreain 
oftbe  transcription  start  rite.  Thus,  the  number  and  location  of  these  GTTA  telramers 
provided  compelling  reasons  for  investigating  their  potential  role  in  the  binding  ofModE. 

For  determination  of  the  degree  ofutmtion  of  ModE  by  the  various  plasmids.  P- 
galactosidase  assays  were  performed  as  per  stanrlard  protocol  and  ompicillin  was  added  to 
the  culture  medium  to  ensure  the  maintenatKeofthe  plasmids  in  the  cells. 

SE2069  cells  are  liinctionnlly  Mod*;  thus,  in  the  absence  of  added  molybdate,  ModE  fails 
to  serve  as  a repressor  of  morU 'laeZ  espression  {Table  3).  The  resulting  p- 
gaiaclosidase  activiiies  are  presented  in  Table  T.  The  mod  DNA  sequence  thnt  is  present 
ineachofthc  plasmids  is  aisa  indicaied  in  Table  7.  It  should  be  noted  that  the  data  is 
presented  in  a manner  between  plasmids  pAM7  to  pAMd  that  the  Gtst  P-galactosIdase 
activity  corresponds  to  the  construct  bearing  all  of  the  GTTA  tetromers  (plasmid  pAMT), 
while  rtach  foUowtng  plasmid  has  successive  GTTA  sequences  removed  from  left  lu  right, 
respectively,  until  plasmid  pAMd  is  reached. 

The  level  of  modA  VocZ  expression  for  strain  SE2069  whh  plasmid  pAM4.  which 
conlains  the  entire  inlergenk  DNA  sequence  shown  in  Fig,  6,  is  510  p-galactosidase 


5tI-  276nt  - 
TTTTCCTGCCGIlTA'mTn‘CTTATCTACCTCACJlAM^®5CAA 


Fig.  6.  Imcrgcmc  regioa  o(mo<tEA  DNA.  Boxes  oulline  Ihc  modi  -10  and  -3S 
sequences.  The  modi  transcriplion  suit  site  is  indicated  by  the  boxed  'A'  with  the 
and  the  iranalntion  star  she  appeare  as  the  boxed  'ATG'  or  'CAT'.  'GITA'  seq 


DNA: 


Table  7.  Titration  of  MobE  protein  In  vivo  by  various 
strain  SE2069  'iocZ*) 


lUHl PB~ — mriiiriiiTT~r 


Cells  were  grown  in  LBG  niedhim  with  molybdate  (1  mM).  d-galactosidase  activities 
are  expressed  as  naaomoles.tnimite  '.milligraiii  of  cell  protein Hw  putative  ModE 
protein  binding  sites  are  indicated  by  Inverse  print  and  are  numbered  (pAM4). 


snlyUiei'  192-bp  of  ihe  ini« 


lUISOi 


A &AcriDnofModE.  thei«by  relieving  repression  of  the  chromosom&l  nottl  '-VorZand 


isl  the  6rsi  192-bp  oflbe  msen  in  plasmid  pAM4  is  oo 


Based  on  Lhe  resutis  presented  in  Table  4.  a P-galaciosidase  activity  of  1.300  units  is 
expected  for  stmin  SE2069  under  conditions  of  dercprcssioru  thus,  the  relief  of  repression 
ofmtNfd  • VcrcZ  by  plasmid  pAM4  seen  In  the  iitrolion  experiments  is  not  total,  but  is  of 


sufBciem  le 
ofibelitsi  I 
DMA  os  shi 

of  the  next 


t%vo  GTTA  tetramets  resulted  in  on  inurea.sed  titration  of  ModE  by  the  plasmid 
lownby  the  increase  in  p-galaciosidnsc  nmivity  Eom  SIO  units  to  710  units 
mid  pAMS  is  present  rather  than  plasmid  pAM4  or  pAM7.  L&tewtse.  removal 
iGTTAtel/amerlplasntklpAMIdlyieldsanevenhigherleveloflitratioD.  750 


p.galoctosklase  units  as  opposed  to  71 0.  The  higher  p-galactosidasc  activities  obtained 
using  plasmids  pAM8  and  pAMI3  suggest  that  the  first  three  GTTA  lelrainers  may 


binding  of  ModE  to  its  Inic  target  binding  regions.  The  fiici  that  these  first  three  GTTA 


leLmmcrs  do  naturally  exist  in  the  modEA  inlergenic  region  implies  that  perhaps  these 


Rraioval  of  the  first  four  as  well  as  the  &si  four  and  pan  of  the  fifth  GTTA 
leLramers  (plasnuds  pAMIOand  pAM6.  respectively)  results  In  the  complete  loss  of 
thmionofModE.  which  demonstrates  that  Ihefounhand  fifth  GTTA  Klramers  are 


necessary  for  successful  bindini;  ofModE.  Moreover,  these  (wo  GTTAietramersare  the 

binding  of  the  repressor  given  (hat  binding  ofa  repressor  at  this  point  would  serve  to 
obstruct  the  Uodii^urRNA  polymerase  and  ihercby  limit  transcriplloiiorihe  ensuing 
geu.  Furthermore,  removal  of  only  the  sixth  and  seventh  GTTA  letramers  (pAMI5)  also 
results  in  complete  bss  of  titration  os  indicated  by  the  drop  in  p-galactosidase  activity  to 

leuamers  for  Mod£  binding,  and  again  the  location  of  these  two  OTTA  seriuences  4-bp 
downstream  of  the  transcription  stun  site,  supports  the  assertion  that  these  sites  are 
integral  to  the  binding  of  repressor.  Additionally,  the  &ci  that  the  binding  ofModE  to  the 
DNA  requires  the  presence  of  the  fourth  end  Gdh  as  well  as  the  »xUi  and  seventh  CTTA 
teiiamers  intimates  that  the  binding  of  Mod£  to  one  set  of  sites  aeccssilates  the  initial 
brnding  ofModE  to  the  other  she.  This  poicntiai  binding  order  in  turn  evokes  the 
possibility  ofcooperative  binding  occufTing:  however,  none  of  the  methods  used  in  this 
study  to  charocierue  the  binding  ofModE  to  ils  target  DNA  is  capable  ofevaluating 
cooperativity.  Introduction  of  plasmid  pAMtb.  which  ooly  lacks  the  eighth  Oti  A 
sequence,  into  strain  SE2069  results  in  a partial  loss  of  titration  ofModE.  thereby 
implicating  the  involvement  of  this  eighth  telramer  in  siobilizirig  ModE  once  It  is  bound  to 
the  DNA  or  possibly  aiding  in  the  initial  rceruitment  ofModE. 

bitxUtig  ofModE  miiumally  requires  the  presence  of  the  fourth,  Ehh.  sboh,  and  seventh 
GTTA  letramers.  while  the  presence  of  the  eighth  GITA  teiraineT  increases  the  eCBciency 


of  Furthen 


iGTTAI 


(Ihe  founb  god  fiflh  GTTA  leinuners  |GTTATATTGj  seem  lo  coitsliluie  odc  binding  slie. 
while  ibe  sixth  and  sevemh  GITA  leinunen  |TAACGTTA|  couU  Ibnn  a second  sSe)  and 
Ihe  size  of  Mod£  praleio  <Z8^7I  Da),  predicts  that  ModE  likely  binds  at  each  of  the  iwo 
sites  05  a dimer.  The  dificrcnces  in  the  sequences  also  suggests  difiercm  binding 

esubibhed  putative  binding  sites  for  ModE  using  the  in  vivo  iKration  experiments  in  vitro 
techniques  such  as  GNA*niability  shill  assays  and  DNase  l-footpritning  eiqteriments  were 
undenaken  in  an  effort  to  confirm  the  in  vivo  firtdings  as  well  as  to  provide  tunhcr 
infonnalion  on  the  kinetics  of  the  interaction.  One  set  of  experiments  designed  specifically 
to  determine  whether  the  in  vivo  titration  results  would  be  mirrored  by  ONA'inobiliiy  shifi 
assay  results,  involved  preparing  bindii%  renctiotis  containing  various  amounts  of  ModE 
and  ”P-labeled  DNA-oligomera  derived  from  Ihe  mod  DNA  inphuenids  pAMI3.  pAM15 
and  pAMI6.  In  these  experiments,  a ZI  l-bp  Dral/£coRJ  fragment  derived  from  plasmid 
pAMl3  (40  bpofmoti4,operator/promoier  DNA  from -IS  to  *-25  and  171  bp  of  plasmid 
pUCIP)  and  a 313-bp  EcoftUHindm  fragment  from  plasmid  pAMIfi  (272  bp  of  moctI4- 
operaior/promolerDNA  from -247  to  -rZS  and  41  bppbutmid  pUCId  DNA)  and  a 303- 
bp-£coRl///rndlll  fragment  from  plasmid  pAM16{267  bp  mof^-operaior/promoter  DNA 
from  -247 10  +20  and  3fr  bp  plasmid  pUCI9  DNA)  was  used  os  the  source  of  mod 
operator/promoter  DNA  Standard  DNA-mobilily  shifi  assay  protocol  outlined  in 
“Materiais  and  Methods"  section  was  followed,  and  the  results  are  presemed  in  Fig.  7. 


■ii'lJ 
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Fig.  7.  DNA'inobiHly  shifts  using  pissmid  pAMi3-derived  (panel  I).  pUsmid  pAMI5- 
ed  (panel  II),  and  plasmid  pAMI6-derived  DNA  (panel  QI)  and  ModE.  AO.l  pmol 
mloriabeledDNAand  I mM  sodium  molybdate  neee  presenl  in  each  binding 
ion.  "nte  following  amounts  of  ModE  had  been  added  to  the  reactions  as  indicated: 
I.  without  ModE;  lane  2,  l-fold  excess  ModE  compared  to  DNA;  lane  3.  S-fbId 
excess;  lane  4.  I O-fbld  excess;  lone  3.  25-fbld  excess;  lane  6, 5Q-fold  excess;  lane  7. 100- 
fokt  excess;  lane  8. 230-fbld  excess;  lane  9.  SOO-fold  excess;  lane  10.  IDOO-IbId  excess. 
The  arrow  indicates  a 'bio  logically  signiftcant"  shifted-band. 


■ DNA-mobiliiy  shift  tor  the  piasmid  pAMI  3-derived  DNA  (Fig.  7.  puKl  I),  i 


deleciabk  shift  w posllion  'A'  (compln  A)  occurred  ai  a pruieinto  DNA  caiki  ofl.O 
(25.7%  DNA  shifted  lo  tbim  'A').  This  form’  predominated  uniiJ  a Mod£  CMeas  of 
25-fbld  was  reached,  ai  which  point,  o seortnd  band  begins  to  emerge.  Other  Mod£-DNA 
complexes  also  emerged  at  250*lbld.  500<fold.  and  lIKXl-fbId  ModE  excess.  These 
difTereni  complexes  most  likely  represent  addliionol  birtdingofModE  to  the  DNA  in  a 
nonspeciftc  manrrer  with  little  biological  s^nificance.  When  DNA  is  included  in  Ibe 
bifxlii^  reactions  whkb  is  incapable  ofthraiing  ModE  (plasmid  pAM15-derived  DNA; 
Table  7).  shift-forni  'A'  ModE-DNA  complex  does  not  arise  (F^.  7,  panel  II),  but  the 
Mgher-iniss  shift  congrlexes  did  arise  at  ModE  excesses  of250. 500.  and  1000-fbld. 

Thus,  the  DNA-mobility  results,  combined  with  the  inability  of  pbsmid  pAM15  lo  titrate 
ModE  in  the  in  vivo  experimenis  (Table  7),  indicates  that  the  'A'  complex  form  is  the 
DNA-lii^ei.speci£c  form.  Based  on  (be  ModE  titration  data  (Table  7),  plasmid  pAMt6< 
derived  DNA  should  prove  capable  of  forming  the  shift'fbrm  'A'  ModE-DNA  complex, 
albeit  at  higher  ModE/DNA  ratios  than  required  lor  plasmid  pAM13‘derived  DNA*Mod£ 
complex  formatiorL  This  expeclation  was  realized  in  the  DNA-mobility  shift  experimeota. 
os  complex  'A'  did  form  but  was  only  ftrsi  dciceiable  at  a ModE  to  DNA  ratio  oTi.O.  and 
over  30%  shift  of  DNA  did  not  occur  until  100-lbU  excess  ModE  lo  DNA  (Fig.  7.  panel 
lU).  Again,  at  higher  ModE  concentrationa.  250.  500.  and  1000-fbld  excesses,  the  larger 
ModE-DNA  complexes  arose  with  ihis  DNA  also. 

In  all  three  of  the  DNA-mobility  shifts  presented  io  Fig  7.  muhipEe  Motl£-DNA 


xdkss  ofwheiher  the  DNA  is  capable  of  liimin 


ModE-DNA  compIcNcs  arise  regor 
ii  isihoughl  that  these  con^lexes  result  from  nan*speciiic  tending  ofModE  to  nort-moJ 
sequence  or  to  mod  sequence  tocaieJ  upstream  of  the  modW-operaior/promoier  when 

deiermine  whether  the  non-mod  DNA  contributes  to  formation  non-specific  ModE-DNA 

(moiU-operaior/ptomoier  DNA  &om  -9  to  -r33)  that  is  essentially  the  sequence  present 
as  the  insert  in  plasmid  pAMIO  (modd-operalor/pmmoler  DNA  from  -10  to  +75)  wss 
used-  As  indicaied  in  Table  7,  this  particular  DNA  does  not  liirute  ModE  aiKt  therefore, 
should  run  support  formation  ofcompCen  *A'.  Results  of  this  DNA-motefity  shift 
expenmeni  are  presented  in  Fig.  8.  aiaf  as  can  be  seen.  DNA  was  not  shifted  a!  any  ModE 
concentration  used  except  at  lOOO-fold  excess  ModE  conqiared  to  42-bp  oligomer. 
Furthermore,  this  shifted  DNA-protein  complex  migrated  nl  a much  slower  rale  than  the 
shift-form  'A'  observed  whh  DNA  from  plasmid  pAM13  (Fig.  7.  panel  1).  loclusionof  a 
smaller  DNA  fragment  (42  bp.  as  opposed  to  211  or  305  or  313  bp|,  which  does  not 
contain  non-mod  DNA.  eliminated  formation  of  the  larger  ModE-DNA  corrqilexes  at  ail 
ModE  concentrations  except  at  the  very  high  1000-fold  excess  ModE.  This  result 
supports  the  assertion  that  the  interaction  of  ModE  with  non-nod  DNA  at  high  ratios  of 
ModE  to  DNA  leads  to  the  formation  of  non-specific  ModE-DNA  associatiarrs. 

The  DNA-mobilhy  shift  expcrjmenls  (Figs.  7 and  g>  have  demonstrated  that  the 

veruh  (31TA  lelraiwrs. 


fourth,  fifth,  sixth,  and  sev 


.and  that  the  eighth  I 
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Fig.  8.  DNA-mobility  shift  TiHiIuiing  42-bpmrKM-opcniU>r/pronKiierDNA  (-9  to +33) 
snd  MoftE.  AO.I  pioclaimiml  ofDNAsnd  I iiiM  sodium  tnolybdue  and  Ibe  fallowing 
amoums  of  ModE  wtre  included  in  each  bindii^  reaction.  Une.  I without  MudE:  lane  2, 
i-Ibkl  excess  ModE  censored  to  DNA;  iane  3,  S>fbld  excess;  lane  4,  I0*fbld  excess;  lane 
5. 35-fby  excess:  lane  6.  50-fbU  excess;  lane  7.  lOO-fokl  excess:  lane  8. 250-rold  excess: 
lane  9.  S00-lh!d  excess;  laiK  10.  1000-fold  excess. 


effipidi  binding  (Table  7;  Fig.  7).  The  mobiliry  shiA  experiiDems  fully  support  ihe 


results  from  tbe  Id  vivo  ModE  titration  experimenls  (Table  7).  further  tending  eredcnce  to 
the  use  oflhe  tilmtion  experiments  as  a means  of  probing  the  associtnion  of  protein  with 

It  has  already  been  ^wit  both  in  vivo  and  in  vitro  that  repression  of  the 
muiABCD  opetoa  by  ModE  requires  tbe  presence  afintmcellulartnofybdate  (Tobies  7 
and  4;  Fig.  5).  Therefore.  DNA-mobility  shift  experiments  were  conducied  for  the 
purpose  of  esttdrlishing  whether  molybdate  is  required  for  the  binding  ofModE  to  h.s 
target  DNA.  For  these  DNA-mobilhy  shift  experiments,  a 43-tp  oligonucleotide  (-18  to 
•*25).  was  used  in  tbebindir^  reaction  alor$  with  the  appropriare  amount  of  ModE 
protein.  For  one  set  of  shifts,  sodium  molybdate  was  added  to  the  binding  reactions,  to 
Ihe  gel  the  tending  reaction  samples  were  dectrophoresed  in.  and  lo  tbe  elecirophoresis 
IimkbuSbiaiafiialconcenlraiionofl  mM.  For  the  second  set  ofmobilily  shifts, 
molybdate  was  excluded.  These  Iwo  mobility  shifts,  presented  in  Fig.  9.  indicate  that 
molybdate  is  necessary  Ibr  efficient  bindii^  of  ModE.  as  the  'A'  complex  is  first  detectable 
at  aModE/DNA  ratio  of  1.0  in  tbe  presence  of  I mM  sodium  molybdaie.  whereas  in  ihe 
absence  of  molybdaie,  the  ModE-DNA  complex  was  not  detectable  until  a lOO-fbId 
exceas  ModE  was  included  in  the  binding  reoclion.  Funbermoie.  binding  of  508fe  or 
greater  of  DNA  with  ModE  was  never  achieved  in  tbe  binding  rcaciions  lacking 
molybdine.  while  in  the  presence  of  I mM  sodium  molybdate,  grealer  than  50%  shift  of 
the  DNA  10  Ihe  ModE-DNA  complex  ’A'  was  obtained  ai  a ModE/DNA  ralio  of  SO. 


Fig.  9,  DNA'fnobiliiy  shifts  using  a 43>bp  oligumcr  spanning  the  -17  Io-s25  region  of  the 
rnor£4-operQlor/promoior  region  and  ModE.  Panel  [•  sodium  molvbdsie  wns  not  added  to 
the  binding  reaction,  gel  or  running  buffer.  Panel  II-  I mM  sodium  nulytxlaie  was  presem 
in  the  binding  reaction,  gel.  and  runnif^  buffer.  A 0.1  pmol  amount  ofDNA  was  present 

reaction  samples  as  indicated.  Lane.  I witbuui  ModE;  lane  2.  I<fbld  escess  M^E 
compared  to  DNA;  lone  3.  S-fold  excess;  lane  4,  lO-fold  excess;  lane  S,  33-fbld  excess; 
lane  6.  S0.lbld  excess;  bme  7.  lOO-lbld  excess;  lane  S.  230-fokl  excess;  lane  9,300-fbld 
excess;  lane  10,  1000-fbld  excess. 


Thesppareni  dissocoiion  consimu  (K^)  for  tie  biinlif^  ofModEio  tbe  43-bp  oligomer  in 
the  presence  oflmM  molybdate  wis  deieimincd  after  quaniliatkinofthe  percent  of 
shifted  DNA  using  a Ptesplurmiager.  This  correlation  is  presented  In  Fig.  10  and  an 
apparent  K|>  of  OJ3  pM  was  calculated  lor  the  ModE-DNA  complex  ‘A\  An  apparent 
K,fbrtbe  binding  ofModE  to  the  43-t^  DNA  in  the  absence  ofl  mM  sodhim  nuiybdate 
could  not  be  cakuiaied  since  even  at  1.000  fold  excess  of  protein,  tbe  amount  of^fled 
DNA  was  less  than  50%  of  the  total  DNA. 

lntem«ionofinnivM.i>>viihMnHF  Given  that  the  presence  of  molybdate  is 
required  for  efficwm  binding  of  ModE  to  its  target  DNA.  the  conceniration  of  molybdate 
needed  for  a 50%  shift  of  the  43-bp  oligomer  to  the  form  'A'  ModE-DNA  conqrlex  vvns 
determined.  A ModE  concentration  of  0.5  pM  (protein  to  DNA  ratio  of  50)  was  chosen 
for  these  shift  expertmenls  because,  at  this  ModE  conceniration  in  the  Nnding  reaction,  a 

laiio.  the  contribution  of  sodium  molybdate  to  the  ModE-DNA  interaction  would  be 

Based  on  these  experiments,  a 50%  shift  of  the  43-bp  oligomer  was  accomplished 
at  a molybdate  concentration  of  6 pM  (Fig.  II).  It  is  not  unreasonable  to  consider  that  on 
anificially  high  apparent  Kg  value  for  the  association  ofimlybdaie  with  ModE  could  have 
been  obtained  given  the  inherenl  limitations  of  the  experiment  used  to  derive  the  apparent 
Kq.  Speciftcally,  for  the  molybdate  concenimiioo  DNA-mobiliry  shift  experimems,  once 
the  binding  reaeriOD  samples  were  loaded  onto  the  gel  the  effective  concentration  of 
sodium  motybdale  present  in  those  samples  would  decrease  as  the  sodium  motybdulc 


[ModE]  (^M) 


DNA-mot^iy  shin  experimem  presented  tn  Fig.  8,  pawl  11. 


[Molybdate]  (^M) 


Fig,  II.  PcrceniagsDf43-bp-oli6oi«r  bound  10  ModE  proiein  in relolioii to  the 
eonceiuraiion  of  sodium  molybdate  present  in  the  binding  reactions  in  a DNA-rrmbdity 
sME  experiment. 


corKeniniiion  for  ihe  enlire  system  underj^oes  equilibrjiioo.  and  secondly,  ek 
ottbe  l»ndin^  reaction  completes  may  perturb  the  ModE-ixiolybdale  associaiktn. 

If  rbc  actual  binding  ol'ModE  to  ilsiacgel  DNA  constitutes  the  nue-lirniting  step 
of  Ibe  association  of  Mod£  with  the  DKA  rather  than  Ihe  imeroction  ofmolybdale  with 
ModE.  then  this  cODCcmralion  of  uiolybdaie  <6  pM)  required  for  half-maximal  binding 
most  likely  represems  an  upper  limit  value  since  it  has  previously  been  shown  that  the 
apparent  dissociation  constant  for  the  inlemction  between  ModE-molybdaie  and  miKA 
operatcr/promoier  DMA  is  0.3  pM. 

If  however,  it  is  the  association  ofmolybdale  with  ModE  and  not  the  binding  of 
ModE  to  the  DNA  which  serves  as  the  rate  limiting  step,  then  the  6 |iM  apparent  value 
(br  the  dissociation  ofmolybdale  from  ModE  may  indeed  prove  valid-  This  possibility  is 
especially  compelling  in  light  of  the  Ko  vniue  of  3 pM  that  was  deicnnioed  for  the  alEnity 
of  molybdaie  for  the  periplasmic  molybdaie-specihc-binding  protein.  ModA.  using 
duoresceiice  studies  (39).  Funhermore,  on  apparent  K^jOfd  pM  for  the  tending  of 
molybdaie  to  ModE  seems  physiobgicully  acceptable  since  molybdate  cniciing  the  £ coli 

molybdoenzytne.  Under  these  physiological  conditions,  the  apparent  value  for 
molybdaie  in  ModE-sysiem  would  be  expected  to  be  higher  than  the  value  for 

biosynthetic  pathway,  would  molybdaie  be  available  for  essociaiion  with  ModE  resulting 
in  the  repression  of  the  mo^ECD  operon  and  cessatiOD  of  further  production  of  the 
componentsofthemolybdate-speeifie-tmnsponer.  If  the  apparent  Ko  for  the  dissociation 


ofmoIybdAle  from  ModE  were  much  lower,  iben  h would  be  likely  ihui  molybdate's 
inleruclion  with  ModE  would  be  fovored  above  its  aciivaiion  and  incorporalion  into 
inulvbdocnzymes  which  would  prose  physiologically  untenable  lor  the  cell.  Given  the 
uncerraimy  of  whether  it  is  the  icieisciion  of  molybdate  with  ModE  or  it  U the  binding  of 
activated  ModE  to  DNA  which  acts  as  the  limiting  step  for  the  repression,  it  seems  that 
tbeonly  way  to  establish  an  accuiute  description  of  the  kinetics  governing  the  assoc'iation 
ofmolybdote  with  ModE,  and  in  turn,  the  binding  of  the  ModE'inoiybdaie  cornplex  to  its 
target  DNA  is  lo  deieimine  the  interaction  in  solution  and  compaie  to  the  appropriate 


enzymes  competing  with  ModE  for  molybdate. 


the  repression  aSiXmodABCD  operon  in 
target  DNA  in  vhro,  the  question  of  whethi 


ving  established  that  molybdate  is  required 
vivo  and  the  efficieni  binding  of  ModE  lo  i 
er  slnicturoi  analogs  of  molybdate  could 


substitute  for  molybdate  was  addressed.  Thisqueslion  was  answered  iniwo  ways:  (I) 
modA  '•  'tacZ  expression  in  strain  SE2069  cells  that  were  cultured  in  LBG  medium 
supplemented  with  I mM  sodium  molybdate,  1 mM  sodium  tungstate,  I mM  sodium 
sulfate,  or  1 mM  sodium  ortho*vanadaie,  and  (2)  DNA-mobility  shift  experimenis  in  which 
the  Irinding  reactions,  gels,  and  tank  buffers  conlained  10  pM  sodium  molybdate.  10  pM 
sodium  tungsiaie,  10  pM  sodium  stil&te.  or  10  pM  sodium  orlho.vanadaie. 

the  various  oxyanions  are  presented  in  Tabic  8.  Only  in  those  cuhuresofslrain  SE2069 
grown  m medium  supplemented  with  1 mM  sodium  molybdate  or  I mM  sodium  tungsiaie 
did  repression  ofthermuMECOoperon  occur,  as  indicated  by  their  low  [l-gQlactosidasc 
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Tables.  Expression  of  mouM  • I 


Sttain  Relevnra  Genurype  Oxyanion  p-galsclosidase  Aslivity* 


SE2069  4K«oiU'-Vfl 


MoO/- 


SO;=  1.400 


VO,‘  1.900 


‘Cells  were  grown  in  LBG  with  Ibe  nppropriue  oxyanion  at  s final  concenlraikiD  of  I mM. 
Enayme  activities  are  expressed  in  nononxiles*  minute* ''milligram  of  cell  protein*'. 


6« 

aciivHies.  Therefore,  ii  appears  that  lungsuie  is  the  only  oxytmioo  tested  which  is  capabte 
crfunctionttUy  substituting  for  culyixiate  in  the  motybdate-dependeitt  activation  ofModE 
in  vivo.  Furthenoore.  the  ftict  that  higher  tmK^J ‘laeZ  expression  levels  were  observed 
when  the  cells  were  grown  in  LBG  medium  contairtir^  sodium  suUute  and  e^ieihally 

supplementation  (1.400  and  1.900  P-gahtctosidase  units,  respectively,  as  opposed  to  l.3(X) 
units)  implies  that  perhaps  the  presence  of  these  two  oxyanioits  inhibits  the  interaction  of 
ModE  with  any  of  the  trace  amount  of  molybdate  that  may  have  been  present  in  the  cells, 
thereby  reducing  l^lftg  ofModE'molybdaie  complex  to  the  miit/.4‘Operaioripromoler 

The  results  ofthe  DNA^moblllty  shiO  experiments  (Fig.  12)  which  contained  10 
pM  amounts  of  the  previously  indicated  oxyanions  in  the  bhuling  reactions,  were 
constsleni  with  the  in  vhxt  modA  '•  'lacZ  expression  dsta  (Table  8).  More  specifically,  high 
alEnily  bending  ofModE  to  the  43-bp  DNA  and  sitiit  to  complex 'A'  only  occurred  in  the 
presence  of  sodhim  molybdate  (Fig.  12,  panel !)  or  sodium  tungstate  (Fig.  12.  panel  II), 
while  a low  level  of  binding  was  seen  for  the  shifts  with  sodium  sul&le  (Fig.  12.  panel  III). 
Sodium  vanadate  was  fifty  times  less  eficctive  in  supporting  DNA-ModE  protein 
interaction  (Fig.  12,  panel  IV),  The  apparent  values  for  the  Mod£-DNA  complex 
obtained  fiom  the  correlation  of  percent  of  shifted  DNA  (ModE-DNA  cornilex  species 


follows:  0.22  pM  whh  10 1 
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[ModE]  (fiM) 


Fig.  1 3.  Percenl  shifted  DNA  versus  conceniraiion  oFModE  resulling  ftoin  DNA- 
mobiiily  shift  biiKlifig  reactioiis  coiueiiiixig  various  oxyanions.  Bincing  reaciians  irsluded 
10  riM  sodium  mol^rdate  (£Ucd  squares),  10  gM  sodium  luogstaic  (open  squares),  10 
)iM  sodium  sulftue  (open  circles),  or  10  pM  sodium  ortho* vanadole  (closed  Lriaogles). 
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binding  ofModH  in  Ihe  presence  of  10  nM  sodium  venadaie  could  not  be  calculated  since 
S0%  shift  of  Ihe  DMA  was  not  achics'cd  with  the  ModE  concemraiions  usetl  [|  is  not 
surpnsing  lhai  lungsiaie  proved  lo  be  die  only  oxyaninn  of  those  tested  which  was  capable 
ofaubsiituiing  for  motybdale  in  activating  ModE  to  any  signiftcanl  degree,  since  it  has 

E oofiapo-inolybdnenzytnes  in  place  of  molybdate  (57).  However,  these  mngsiate- 
subsiiluted  molybdoeitzymes  are  not  (iinciioniii  probably  because  of  a failure  of  electron 
transfer  across  the  tungsten  center.  Yet.  die  stable  associaiion  oriungsiaie  with  ModE 
would  result  in  the  promotion  of  the  activation  ofModE.  since  presumably,  the  aciivaiion 
of  ModE  relies  only  on  the  tending  ofanappropriniely  sized  and  shaped  moiety  to  afleci 
the  change  in  conformation  of  the  protein  which  allows  for  the  eScient  binding  of  DMA. 

coinpleK  (complex  form  'A')  has  been  rcproducibly  obtained  under  a variely  of 
condhioiis,  this  general  method  was  used  to  deieimine  the  mokcular  weight  ofthe  ModE- 
DNA  complex  which  wouhl  then  indicaie  the  number  of  ModE  proteins  whkh  arc 
associnled  whh  the  DMA  in  complex  A'.  For  the  molecular  weight  delemiinatiun  ofthe 
Mod£‘DNA  con^lex.  stnnrlnrd  binding  reaction  samples  supplemented  with  I mM 
sodium  molybdate  were  eiuctrophoresed  in  5%.  6%.  7%.  wnd  g%  nonileniuuring' 
potynciylamide-TBE  gela.  The  resuhing  Revalues  for  ModE-DNA  conpslex  and  the 
protein  siandaids  after  migmlkm  through  the  four  different  gels  were  used  to  prepare  a 
Ferguson  pbt  (19)  ftom  which  the  molecuhir  weight  ofthe  Mod£-DNA  congilex  could  be 
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extrapolaied  (Fig.  14).  Based  oo  the  results  of  these  experimenls,  a value  of  SI. 247  Da 
was  obtained  tor  the  size  of  this  complex.  This  molecular  weight  compares  tavorably  with 
a muleciilar  weight  of  83.144  ezpeaed  for  the  a-ssociaiion  ofa  ModE-dimer  IJ6. 424  Da) 
whh  the  43-bp  DNA  (26.602  Da),  ss  there  is  onlv  a 2.3H  dif&ience  ia  the  expected  value 
versus  theobservedmolecuiiir  weight.  Thus,  the  ModE-DNA  complex  form 'A'  is 
minirnally  a ModE  dimer  bound  to  the  43-bp  tmxW-operator/promoter  DNA  In  these 
experiments,  the  a.xial  ratio  and  electrophoretic  mobility  of  the  prolein-DNA  coa^lexwas 
considered  to  be  similar  to  that  characteristic  of  the  protein  itself  This  assumption  is 
based  on  the  small  size  of  the  DNA  used  in  this  experiment. 


DNA  Although,  the  ModE  titration  experiments  IToble  7)  and  mobility  shil)  experiments 
(Fig.  7)  ingtlicated  the  GTTA  tetntmert  found  in  the  modA  operalor/promoter  DMA  in  the 
binding  ofModE.  direct  determination  ofthe  DNA  sequence  bound  by  ModE  is  required 
to  confirm  the  invoKemenl  of  tbe  GTTA  temuners.  To  this  eod.  DNase  [-footprinling 


experiments  were  carried  ouL  For  one  set  of  DNase  i-footprinting  experiments.  1 mM 


sodium  molybdate  was  added  to  the  binding  reactions  which  also  included  0.1  pmolofa 
446-1^  *^P'labeled  DNA  fragment  conlalning  the  entire  rrrotfi-operatoripromoter  region 
as  well  os  1-tbld.  lO-foid.  or  100-fold  excess  ModE  compared  to  DNA.  Analysis  of  the 


(Fig.  IS)  reveals  that  there  are  three  areas  of  protection.  These  protected  regions  are 
delectable  at  10  and  100-fold  excess  ModE.  It  Isnoiablc  that  the  first  protected  region 


MOLECULAR  WEIGHT  (10  ^) 


Fig,  14.  Ferguson  pioi  generaied  Irom  the  Rf  Miiues  obdurKd  after  electro|RK>resis  of  the 
non-denaiured  prolem  standards  and  Mod£-43-bp-e7iKi4*opertitoifproinoterDNA 
compEex  in  S%,  6%,  7%ond  ft%  polyac:>lamide-TBE  gcb.  The  dotted  lines  irtdicaie  the 
extrapolation  for  the  determination  of  the  molecular  weight  of  the  Mod£-DNA  complex 
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(from  lop  of  Fig.  15)  (GTTATATT0;-I5  lo  -7)  encompasses  the  fourth  nod  fifth  GTTA 
leimmers  located  in  Ihe  -10  region  of  the  notf^-operoior/promoier  region  (Table  7). 
which  would  confirm  ihe  in^oriance  of  GTTA  sequences  in  the  binding  of  ModE.  Also 
there  appears  to  be  a 'C'  located  three  bases  upstream  of  this  first  protected  region  which 
is  hypersensitive  to  DNase  (-cleavage.  However,  the  second  (CCTACAT;  -3  to  -v4)  and 
third  (GTTaCAT;  -*8  to  +14)  protected  areus.  respectively,  do  not  uphold  the  prediciioo 
of  the  invotvemeni  ofthe  GTTA  lelramers  located  in  these  regions  in  the  binding  of  ModE 
since  only  part  of  the  sinh  and  seventh  GITA  letramers  (Table  7)  which  corqirise  the  8- 
bp  inverted  repeat  (+4  to +II)are  located  in  the  proteciedaren.  A second  DNase  I 
hypersensitive  nucleotide  ('A')  is  located  at  Ihe  lower  boundary  of  the  second  protected 
legion.  Tbe  location  ofthese  bypersensitive  cleavage  spots  are  not  urte.cpectcd  since  it  has 
previously  been  shown  that  bypersen^ve  cleavage  »tes  often  Hank  areas  of  protection 

In  light  ofthe  findings  font  the  DNase  Mbolpriming  experiments,  a recvaiusiion 
ofthe  sequence  involved  in  binding  ModE  was  undertaken  which  reauhed  in  the 
assigruneru  of  the  sequences  TACAT  and  TATAT  as  those  necessary'  for  the  bindiftg  of 
ModE.  since  these  sequences  are  coininon  to  all  three  protected  regions.  The  fiici  thni  Ihe 
TATAT  and  TACAT  sequences  found  in  the  three  protected  regions  overlap  the  fourth 
and  fifth  GTTA  leiraitiers  (first  protected  region)  and  sinh  and  seventh  GTTA  tetramers 
(second  and  third  protected  regions),  re^jecliveiy  (Fig.  1 5 and  Table  7).  supports  tbe 
interpretation  that  removal  ofthe  ^ve  indicated  GTTA  sequences  fiom  certain  plasmids 
used  in  the  ModE  titration  experimems  resuhed  in  the  loss  of  binding  by  ModE. 


viLhhcld  from  Lhe  bindinii  moctii 
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)ns  in  order  to  dciermine  whether  Mod£  is  cupable  of 
binding  the  DNA.  thereby  protecting  it  from  cleavage  DNase  I.  even  in  the  absence  of 
molybdate,  and  secondly,  to  deiermine.  if  prolectlon  does  occur,  whether  the  protected 
regions  ore  identical  to  those  obtained  from  the  reactions  supptemenied  with  sodium 
molybdate.  As  con  be  seen  from  the  results  of  these  experiments  (F^.  16).  proreetbnof 
the  DNA  from  DNase  I cleavi^e  did  occur  in  the  picsenceoflOO-IbU  and  lOOfr-fbld 
exe^  ModE.  which  is  len  times  nure  ModE  required  for  the  protection  in  this 
experitneni  than  was  needed  when  the  reactions  included  sodium  molybdate,  it  was 
expected  that  protection  of  the  DNA  from  DNase  I cieavage  in  the  absence  of  molybdate 

(Fig.  9)  that  the  binding  of  ModE  to  the  43-bp  >noif4-operaioc/  promoter  fragment  was 
severelv  reduced  without  the  inclusion  of  sodium  molybdate  in  the  binding  reactions.  The 
protection  partem  that  did  result  from  the  binding  of  ModE  to  DNA  in  the  absence  of 
added  molybdate  was  idenlkal  to  that  obtained  from  the  experiment  conducted  whh 
sodium  molybdate  supplememaiion.  However,  the 'C  nl-IS  b hypnsensKive  to  DNase  1 
cleavage  only  in  the  presence  of  molybdate.  Il  is  possible  Hint  in  this  experiment,  a small 
frnciionofModE  b bound  lo  trace  amounts  of  motybdate  presem  in  the  sohition  and  that 
onN  this  ModE-molyhdate  complex  binds  to  the  DNA.  Atlemaiively.  molybdale-free- 
Mod£  can  bind  to  DNA  but  at  a very  low  efficiency.  The  differemial  hypersensitivity  of 
'C  at  position -18  suggests  that  molybdate-free-ModE  b capable  of  Ixoding  lothe 


:DNA 


Ilsr 
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3f  Ihe  nwi^H^penuo 


’ DNA  by  ModE  in  three  distinct  regioti 


The  protection  0 

not  cotisisient  with  the  detetroinetian  ordimeric  binding  of  ModE  to  DNA  in  the  ModE- 
DNA  complex  (Fig.  14).  These  results  token  together  suggest  that,  the  association  of 
ModE  with  the  norfd'operaior/promoter  DNA  is  not  singly  hindirtgofModE  to  each 
site.  Rather,  these  data  suggest  a possible  scenano  in  which  a monomeric  ModE  protein 
may  initially  bind  loosely  to  one  of  the  three  protected  regions,  and  this  initial  binding  then 
allows  for  the  mpid  recruitment  ofadditiortal  ModE'inolybdaie  to  the  region  for  stable 

with  the  DNA  is  probably  unstable  and  is  rapidly  removed  by  electrophoresis  in  ibe  DNA- 
rnobOity  shift  experiment.  Yet.  at  this  point,  any  further  discussion  of  the  course  of  the 
binding  of  ModE  to  the  DNA  inusl  await  binding  experiments  carried  out  and  anaiyzad  in 

In  order  to  evahioie  the  role  of  the  three  ModE-protecled  regions  in  vivo,  oitother 
set  of  plasmids  was  constructed  for  ModE'thration  experitnents  similar  to  the  ones 
previously  described  (Table  7).  PlaanidpAM17  coniaiits  protected  sites  I and  2.  while 
plasmid  pAMlS  has  protected  sites  1 and  3 with  the  ^cing  between  the  sites  preserved 
(Table  9).  Piasmid  pAM  19  conuins  only  the  protected  regions  1 and  3 separated  by  only 
rvio  bp.  The  maiiA 'lacZ  expression  levels,  measured  as  P-galaetosIdase  activity,  for 
strain  SE2069  contaming  the  above-mentioned  plasmids,  indicaied  that  only  plasmid 
pAMI  7 is  capable  ofpartialiy  liimiing  ModE  (Table  9).  Strain  SE2069  harboring  plasmid 
pAM  1 7 produced  only  220  P-galactosidase  units,  while  only  70  P-golactosidase  units 
were  obtained  for  strain  SH2069  lacking  any  plasmid.  The  level  of  titration  of  ModE  in 


‘ the  mcK^'Oper 


n of  ModE  proiein  in  vr 


Cells  were  grown  in  LBC  mediiim  with  molybdue  (1  mM).  ^-gnlaciosidase  aclivitn 
are  espressed  as  lanomoles-minule '-milligram  of  cell  protein-'.  The  ModE  protein 

binding  site  (see  Teit  for  details).  The  underlined  sequence  ■CITGG'  replaces  the 
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itK  c«Us  comaining  plasmid  pAM17  is  nol  ihc  maximal  level  possible,  since  600  P- 
galoctosidase  units  o(  activity  was  produced  by  strain  SE2069  with  plasmid  pAM4  whkh 
contains  all  three  proiecied  regions.  Thus,  K appears  that  only  protected  regions  I and  2 
ore  absolutely  required  for  the  bindiiaj  ofModE.  but  that  in  addition,  region  3 is  necessary 
tor  maxiinal  binding. 

DNA-mobility  shift  eKperitnenis  were  also  conducted  using  the  m»lS- 
operator/promoter  DNA  contained  in  plasmids pAMI7.  pAMIS.  and  pAMI9.  As  would 
be  expected,  based  on  the  in  vivo  titration  experiments,  only  the  motW-operaior/promoler 
DNA  present  in  plasmid  pAMI7  was  capable  of  fonning  the  ‘A‘  complex  in  the  presence 
ofModEproieinas  presented  In  Fig.  l7(Panell).  Moreover,  as  is  also  suggested  by  the 
partial  lilralion  seen  in  ilu  ModE  litrarion  experimenis.  the  haif.mnxinal  binding  of  ModE 
lo  the  36<bp  modA'opcr&otlprcrootCT  fiagmeni  occurs  el  a ModE  concentration  of  1.8 
pM(Fig.  18)  whkh  is  considerably  higher  than  the  0.33  pM  apparent  Kq  value  obtained 
for  the  binding  ofModE  to  DNA  coniaining  all  three  sites  (Fig.  10).  The  results  of  the  in 
vivo  ModE'thration  experimenis  coupled  with  the  b vtUo  DNA-mobility  shift  experiments 
indicate  that  the  binding  ofModE  only  requires  sites  1 and  2,  but  ate  3 is  necessary  for 
cfBcienI  binding  at  sites  1 and  2.  These  data  lend  credence  lo  the  premise  ibai  site  3 may 
serve  as  a bcaibn  to  which  ModE  initially  binds,  thereby  promoiing  the  stable  binding  of 


Hg.  1 7.  DNA-iDobilll}  shif)  »perimenu  using  Uk  mm/.4-up«aior/proiiioier  DMA 
conuimd  in  plasmids  pAM  1 7.  pAM  1 8.  and  pAM  1 9 and  ModE.  For  the  shU)  with  DNA 
preseni  in  plasmid  pAMI  7 (panel  I),  a ‘’P-lnbeled-36-bp  mn<U  DNA  Sagmera  was 
included  in  the  binding  reactions  aiong  with  1 mM  sodhim  molybdate  and  the  appropriaie 
amount  of  ModE  (Innc  I.  without  ModE:  bne2.  l-ibid  excess  ModE  compared  to  DNA; 
lane  3, 5-fold  excess  ModE;  lane  4. 1 0-foM  excess  ModE;  lane  5. 25-fold  excess  ModE; 
Inne  6, 50-foid  excess  ModE;  lone  7.  100-fold  excess  ModE;  lane  8. 250-fold  excess 
ModE;  lane  9, 500-fold  excess  ModE;  lane  10,  I OOO-fold  excess  ModE).  The  mobility 
shills  fealuring  the  4S-bp  tnodd  DNA  present  in  plasmid  pAMI8  (panel  II)  and  31-bp 
moiU  DNA  present  in  plasmid  pAMI9  (panel  III)  also  contoined  I mM  sodium  molybdate 
and  the  amount  of  ModE  indicated  for  the  lanes  in  panel  I. 


SI 


[ModE]  (^tM) 


Fig.  18.  PblofK  shilled  DNA  versus  conceniniiion  of  ModE  miuired  (or  the  shift 
feaiuring  the  36-bp  noiiu  DNA  pcesetu  in  plasmid  pAMI7.  Tl*  data  were  from  Uie 


MulalionofDNA  which  codes  for  proieim  orimerest  is  oflen  employed  as  an 
approach  10  study  struclure/fiinclion  chnracterisUcs  of  Che  prolein.  Indus  study 
hydroxylamine,  which  causes  G-lo-A  uansiiions,  was  used  lo  mutate  the  DNA  coding  for 
Mod£  (plasmid  pAGl)  in  order  to  idencijy  critical  amino  acids  responsible  for  the 
associaiioti  of  molybdate  with  Mod£  aol/or  the  birtding  ofModE  to  its  target  DNA. 
Following  the  bydroxylamine  treatment,  two  di/foivnt  mutant  phenotypes  were  observed: 
partial  loss  of  repression  of  the  noddlSCD  operon  in  ibe  presence  of  molybdate  and 
complete  repression  of  the  modABCD  operon  in  the  absence  of  molybdate 
(superrepressor).  The  phenotypcsobserved  were  coitftrrrted  by  assaying  strainSEISI  1 
harboring  plasmids  with  moJE  mutatkms  for  P-gaiactosidase  activity,  and  the  results  of 
these  experiments  are  presented  in  Fig.  19. 

The  partially  derepressed  (A7fiV)ModE  mutant  has  asubstiruiion  of  valine  for 
olarune  at  amino  acid  position  76.  Three  ''superrepressor"  mutants  which  were  capable  of 
tepressing  the  modASCDopcnn  in  the  absence  of  molybdate  were  also  isolated,  and  two 
of  these  mutants  harbor  the  following  mutations;  threonine  at  amino  acid  position  12S 
replaced  with  isoleucine  (T12SI)  and  glycine  at  position  133  changed  to  aspartic  add 

or  the  third  "superrepressor"  mutant  (Q2I6*),  the  C-termiital  47  amino  adds 
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pA01(A76V) 

pAGI(TI251) 

pAGI(GI33D) 

pA01(Q216*) 


125  no 

40  40 

<10  <10 


F«.  19.  Analy»  of ModE  muiams.  p-gilaclosidas:  seUvity  produced  by  araiii  SE I !1 1 
carrying  the  indicated  nmiation  vmis  deietmincd  and  expressed  ns  nanomoles-min 
•milligram  of  cell  protein*'.  Ceils  were  grown  io  LBG  with  (•*•)  or  wiibotit  (-)  sodium 


Tbe  muiaiion  in  Ihe  panially  dcrepressnl  imimni  (A76V)  lies  immediaiely  after  a 
stretch  of  three  glycines  which  are  identical  in  three  of  the  fourModE  bomologs  presented 
in  Fig.  3.  the  fourth  (RcMopA)  having  two  of  the  three  glycines.  Two  of  the  four 
honiologs  lEcModE  and  RcMopA)  have  alanine  ni  this  potion  while  the  other  two 
(AvModEandHiModElhave  thieonineailhisposiiioiL  Funhertnore,  this  muiaiion  is  23 

struaure,  so  h is  pussiUe  that  this  mutation  may  have  disrupted  the  helix-rum-hellx 
structure  resulting  in  a psnial  los  of  DNA  binding  by  the  mutant  protein. 

Two  of  the  -superrepressor  mutants".  TI25!  and  GI33D.  have  muiaiioiis  situated 
near  a Rve  amino-acid  long  sequence  SARNQ  (amino  acids  126  to  130).  which  is 
conserved  among  the  five  homoiogs-  with  the  exception  of  fo  coprulaiia  MopA  which  has 
an  asparagine  in  place  of  alanine  and  a threonine  in  place  of  glutamine,  in  foci,  the  T125I 
raulniion  directly  precedes  the  SARNQ  sequence  and  is  itself  conserved  among  three  of 
the  homologs  (AvModE.  EcModE.  and  RcMopA)  with  serine  substinning  for  ihn»nine  in 
H.  influenzal  ModE  The  GI33D  mutation  lies  two  aimno  acids  forther  on  the  C-ierminal 
side  of  the  SARNQ  sequence,  and  the  glycine  is  also  conserved  in  four  ofthe  bomologs 
(AvModE,  EcModE,  HiModE,  and  CpMopll).  The  glutamine  which  is  replaced  by  a stop 
codon  in  the  third  superrepressor  mutant  (Q216*)  is  unique  to  £ coU  ModE  at  this 
posiliont  however,  there  are  regions  of  conserved  anano  acids  preseat  in  the  missing  C- 
temtinal  end  of  ModE  whose  loss  undoubtedly  coutributes  to  the 


t phenotype  ofthis 


ri  is  also  iuensfing  i 


(Q261*)  comains  the  only  ihree  cysteines  present  in  the  wild  type  £.  cull  ModE  protein, 
and  it  is  possible  ihoi  two  of  these  three  cysteines  may  be  involved  in  forming  a disulfide 
bond.  Moreover,  h is  lempiing  to  speculate  that  ModE  adopts  an  open  confbrmstion 
vdien  molybdate  is  not  bound  to  the  proteia  and  that  upon  binding  of  molybdate,  a 
change  in  ibe  structural  eonfotmauon  ensues  which  involves  formation  of  a disulfide  bond. 


This  formation  of  the  disulfide  bond  could  sialnlize  a more  coit^iaci  structure  which 
promotes  the  cEficienl  binding  of  ModE  to  the  appropriate  DMA  sequences.  Furthermore, 
it  is  apparent  that  the  deletion  of  the  region  of  the  protein  which  contains  these  cysteine 
residues  in  the  (Q2I6*)  muiiini  ModE  protein  resulted  in  the  adoption  of  the  "activated" 
or  molybdate-bound  confoimnlion  even  in  Ihe  absence  of  bound  molybdaie. 

At  the  current  level  ofinformation  available  concerning  the  structure  of  the  ModE 
protein,  a more  defensible  assertion  at  this  point  in  lime  is  that  the  SARNO  sequence  may 
be  inlegrul  to  the  binding  of  molybdate  by  ModE  given  that  two  of  the  three  isolated 
“superrepressor"  muuitions  abut  this  SARNQ  region  and  that  all  of  the  ModE  homologs 
as  wbL  as  other  proteins  that  are  either  known  to  have  or  are  suspected  to  have 
inieraelians  wHh  molybdate  contain  variatioiisof  lids  sequence  (Table  10).  It  should  also 
be  mentioned  that  h would  be  expected  ihsl  binding  oflhe  negatively  charged  molybdate 
moiety  by  ModE  would  most  likely  require  poshively  charged  amino  acids  such  as  those 
present  in  the  SARNQ  regioii.  Furthermore,  if  the  nature  of  the  GI33D  "superrepressor" 


of  aspartic  acid  in  place  of 
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Tabic  10.  Lisi  of praieins  which  are  known  10  inleracl  whh  molybdate  and  DNA  and 
comain  a possible  molybdale-bindii^  moltT. 


MolybdalC'binding  tnotif  sequer 


Lower  caae  letieis  represeni  noo-idcnlicai  or  non-similar  amino  acids.  NarX  and  NarQ  are 
membrane-bound  componema  of  ihe  nor  regulatory  system  but  do  not  bind  DNA 
ihemsetves. 


jflhe  negaiivcIy-chiirBcd 


glyciiK  niinucs  the  binding  orioolybdnicdue  to  the  presence  o 
cacboicyl  group  in  the  amino  acid  side  chain. 

A listing  of  regulatory  proteins  which  interact  with  molybdate  and  corre^nding 
SARNQ<like  sequences  found  in  these  proteins  are  presented  InTabie  10.  Ashasolready 
been  indkaled.  faurafthe  Gve  Mod£  homologs  contain  the  SAKNQ  sequence,  while  H. 
capsulaius  ModE  bonxilog.  MopA.  has  an  asparagine  in  place  of  alanine  and  threonine  in 
place  of  glutamine.  FhiA  which  serves  as  a muiybdate-responsive  activator  of  the  Igv 
operon  which  codes  for  hydrogenase-3  (47. 63. 64. 6S)  has  a sequence  SGRNN  (amino 
acid  positions  426  to  430)  which  has  three  of  five  conserved  amino  acids  while  the 
remaining  two  ore  simiitir.  NtirX  protein,  which  functioos  to  activate  the  reguiaior 
protein.  NarL,  in  re^nse  to  the  presence  ofnilrate,  contains  the  sequence  SORNE 
(amino  acid  posHiems  204  to  208: 38).  Interestingly,  specific  muiaiions  in  the  SCRNE 
region  result  in  the  moIyMoie-independenr  octnniion  ofNnrL  (38).  Asecorai  nitrate 
sensor  protein.  MoiQ.  hoslhe  sequence  SLRMQ  (amino  acids  posilions48  lo  32;  12). 
which  bears  sinulariry  to  the  general  motif.  Furthermore,  the  rat  estrogen  receptor-hspOO 
complex  which  is  stabilized  by  molybdate  (44)  contiuRS  two  sequences  which  share 
similarity  with  SARNtJ.  one  defined  as  PaTNQ  (amino  acid  positions  227  to  23 1 ) and  a 
second  LDR.VQ  which  is  located  at  amino  acid  posuions  413  to  4 1 9 144).  The  human 

acid  positions  190  to  194  (99).  However,  this  SARNQ  sequence  or  any  similar  sequence 
is  nol  found  in  any  of  the  periplasmic  molybdate  binding  proteins  of  the  transport  system. 


■■  aficciing  amiiK)  acids  kKaled  near  the  SARKQ 


sequence  resuJi  in  die  molytskle-indepefideni  phenotype  Ibr  ModE  suggests  that  these 
amino  iicuis  are  imponont  for  the  proper  functioning  of  the  ModE  protein.  Secondly,  the 
&a  that  aU  of  the  ModE  homofogs  and  a number  of  proteins  which  are  thought  to  interact 
wHh  molybdate  contain  sequences  which  are  either  completely  conserved  or  bear  striking 
similarity  to  the  SARNQ  amino  acid  sequence  hinber  implies  that  ihe  airtino  acids  in  this 
region  may  be  involved  in  activation  of  the  ModE  aporepressor^  means  of  landing 
molybdate. 

Reijulation  of  muJF 

The  regulaiioo  of  A/od£  was  investigated  by  introducing  ^(modE  - 7oc2)  borne  on 
H.RM26  into  various  backgrounds  and  aamying  for  P-galaclosidase  aciiviiy.  The  results 
presented  io  Table  1 1 Indicate  that  there  is  little  difierence  in  the  levels  of  p^okctosidase 
obtained  from  a wild  type  strain.  SE1938.  amodd  mutant  slraia  SEI9S2:  a modE  muiam 
strain.  SEI 942;  or  a modF  mutant  strain.  SE1940.  These  results  show  that  modE  is 
transcribed  constrcutiveiy  at  low  levels,  which  is  cortsistent  withModE's  proposed  role  as 

A plasmid'based  i|>fmiMf£'.Voc2),  plasmid  pRM14,  was  used  to  determine 
whether  muiatioits  io  global  regulators  such  as  orcA  and  narL  gene  products  would  elicit 
changes  in  the  expression  oferodf  (Table  12).  Similarly  mutatioits  in  genes  required  for 
molybdate  incorporation  into  tnolybdopterin  mm.  moh.  mat,  and  mog  were  analyaed  for 


Table  II.  Regulallon orniK/fin dilTei 


0-galaciosidaae  anivic/ 


SE193S  ^madZ'-lacTj 

SE 1 952  4i|>7|«/£  lacZ)  mw/£::Tn5 

SEI942  MmoJE  - lac^  MmalE-Vjr,) 

SEI 940  ^moUE  lacZ)  motlF-im 


3Ifi 

351 


378 


Table  12.  Rcifulalion  of  in  va 


p.galaclo 

-Mo 


RK4353||jRM14) 

ECLSH(pRMH) 

RK527!(pRMM| 

VJS1782(pRMI4) 

VJSI78(KpRMI4) 

VJSI779(pRMI4) 

VJSI784<pRMI4) 


VtieZ)  urcA 
<b(moJ£'-  lacZi  narL 
mna 

^modE  - lacZ)  mob 
<Wmorf£-.7orZ)moe 
$(moi/£  • lacZ)  mog 


11,360  11.400 

12,350  10.000 

15,500  15.500 

10,950  10.450 

lOJOO  13.400 

10J50  12.300 

12.000  11,850 


‘Cells  wie  grown  in  LBG  medium  wiih  or  wiihuui  sodium  molybdate  ai  a final 
concentration ofl  mM.  Enzyme acUviiiee areexpnsscd as nanomules-min'-miUigramor 


I in  any  of  these  tttckgrounds.  The  higher  [J-gniactosidase  activity  in  these 


plasmid  containing  modE‘’‘laeZ  strains  is  a consequence  of  muli^le  copies  of  the /no(f£'' 


Reaublion  of  Other  Genes  by  ModE 

nodiSCD  aperon  when  suSicienity  high  amounts  of  molybdate  are  present  in  the  cell. 
Investigation  of  the  effect  ofModE  on  the  transcription  of  other  genes  has  led  to  Bndings 
that  ModE  also  regulates  traascription  of  mmlF  as  well  as  mC.  The  9-galacio»dBse 
acttviiies  produced  by  a modF'~  'locZ  operon  fusion  {XRM37)  in  ibe  H an  she.  which 
dctnonstntie  the  regulation  of mot/£  by  Mod£<  are  presenied  inTable  13.  Since  atodf 
and  modF  appear  to  comprise  a two'gene  operon  rronscribing  from  a single  promoter 
through  both  genes,  the  study  of  the  regulation  of  modF  by  ModE  requited  the  unccuplit^ 
of  the  genes  so  that  expression  ofinot/F  can  be  established  without  interference  by  ModE 
produced  &om  the  some  operon.  This  uncoupling  oftbc  genes  was  accon^lisivd  by 
removal  of  a segment  of  the  ntodf  gene  from  plasmid  DNA  containing  the  ^(modF'~ 
'laeZ)  before  recombining  {in*lrafne  deletion)  with  phage  ARZd  to  produce  kRM37. 
thereby  preventing  production  of  functional  ModE  protein,  but  leaving  the  entire  modF 
gene  in  frame  with  re^iecl  to  the  modEF  promoter. 

Production  ofp-galaciosidasc  activity  by  a strain  carrying  modF'-  'lacZ  and  a 
fiinciioaal  chromosomally  encoded  ModE  proieio  |StrainSE2IOS)  is  wry  low  (70  p- 
galaciosidase  activity  unitsi  as  compared  to  1 .030  P-galactosidase  activity  unhs  obtained 
for  the  modE  mutant  strain  (strain  SE2I06).  Inlroductjoaora  plasmid  containing  wild 


Tablel3.  Rci^ulfiiion  ofnoJF  by  Mo 


j^'golaclosidase  ociivity* 
-Mo  -^Md 


SE2102  ilmo^F'-'lacZ^  70 

SE2I06  ^nmir-l(KZ)&moJE-im  1,050 

SE2106  ^ntadF^- 'locZ)  &moJ£-km,  moJE’  <10 

<pRM20) 

SE2107  ^imodF'''tacZ)  liuntM/F'km  180 

SE2M2  ^imoJE'-’lacZi  AmodEF‘km  2,730 

SE2II4  i^moiiF'~'/acZ)modB:'Jn\0  1,190 


SE21I6  ^modF'-'UicZjim3dE-tm.modB:Jn\0  1.080 

SE21I8  i^worfF-'iflcZ)  imoitf'-loa /noiyfl::Tnl0  1.030 


*C6lls  were  grown  io  LBG  meduun  wlihor  wlihoui  sodhim  moiybdiue  ai  a liiial 

DuUigraniof 
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type  moJE  iptasmid  pElM20)  into  the  moJE  mutant,  strain  SE2I06  restores  the  repressioii 
ofmtjJF'-  VoL'Z  expression  as  evidenced  by  the  very  low  P<galociosidii.se  activities  (<  10) 
obtained  for  strain  SE3l06(pRM20).  Expression  of  tnor/^-VocZ  was  approximately  3 
times  greater  in  a imu/Ftaasmt  strain  (strain  SE2I07)  than  in  the  wild  type  strain.  This 
hi^r  level  of  expressinn  was  also  observed  fbr  the  strain  deficient  in  both  ModE  and 
ModF  (strain  SE2 1 12)  compared  to  the  strain  deficient  only  in  ModE.  suggesting  that 

As  would  be  expected,  given  that  in  vivo  as  well  as  in  vitro  experiments  have 
indicated  that  the  DNA  binding  capacity  of  ModE  depends  on  the  presence  ofmoiybdale. 
repression  of  nroi/F'‘.‘/ucZe7tpres3ion  was  alleviated  in  molybdate  transport  mutant  strains 
(strains  comoiniiig  arodd::Tn/(7).  Supplementation  ofthe  growth  medium  with  1 mM 
sodium  molybdate,  resiored  repression  of  tmWf'-  YwZ  expression  in  ail  the  molybdiue 

SE2II6). 

Based  on  the  data  presented  in  Table  13.  it  appears  that  ModE  represses  the 
transcription  of  modF  when  there  is  a suflicient  ratracellular  eoncentration  of  niolybdale. 
Moreover,  the  regulation  of  moitf' by  ModE  is  similar  to  the  regulation  ofthe  modABCD 
operon  by  ModE  (Tables  3 and  4).  This  similarity  in  the  regulation  of  both  moi/F' and 
tnodafico  by  ModE  is  not  suipriaing.  since  it  is  Ukely  that  the  functions  ofall  ofthe 
eflected  genes  ore  in  some  way  directed  towards  the  successliil  transport  of  molybdaic  and 

such  would  most  likely  be  coordinutely  regulated. 


The  regulaiion  of  narG  by  ModE  or  Ibe  • 


siDcc  ii  has  already  been  shown  that  molybdate  exerts  influence  over  the  iranscrinion  of 
narC  presumably  through  the  NarX  and  NatQ  proteins,  and  an  additional  level  of 
molybdate-dependent  eonirol  through  ModE  seems  superfluous  (12,  it).  However,  os 


con  be  seen  by  the  levels  of  nirrC  - lflcZ  expression  presented  in  Table  14.  ModE  dearly 

has  an  eflect  on  iranscr^iion  through  mrQ.  More  ^secifictUly,  the  absence  ofModE 
resjlu  in  reduction  of  transcription  through  oorC  - YocZ,  as  evidenced  by  the  drop  in  P- 
galaaosida.se  activity  6om  28.280  units  in  the  wild  type  strain  to  11.010  units  in  the 
ModE  stiain.  As  would  be  expected,  coraplemeniationofthe  modE  mutation  by 
inirodiiaion  of  a rttoiff  containing  plasmid.  pAGI.  into  the  moiff  mutant  strain  resulted  in 
an  increase  in  the  P-galacto^ase  activity  to  a value  corrgiarable  to  wild  type  levels.  The 
nature  of  the  regulation  ofnart;  exerted  by  ModE  is  opposite  of  ttai  seen  for  diher  the 
motlABCD  operon  or  for  modF,  as  it  appeais  that  ModE  is  fimcliooing  n.s  an  enhancer  of 
aclivaiionaf  norCH// operon  expression.  This  shows  the  complexity  ofthe  regulation  of 
nnaerobtc  tespiraloiy  pathways,  in  this  case,  the  regulation  of  norG  expression  already 
been  shown  to  be  positively  activaled  by  NarL  as  well  ns  FNE.  Apparently  the  additional 
level  of  regulation  afforded  by  ModE  helps  optimize  the  expression  of  rxTG  operon  in 
response  to  molybdate  availabilitv. 

The  possibility  of  ModE  serving  as  an  activator  for  certain  genes  is  currently  being 
explored  for  the  irw  and  /miudS  operons  (27, 68).  Yet,  at  Uiis  juncture  h is  premature  to 
state  that  the  ModE  fonciions  as  botha  rqircssor  of  the  modABCD  operon  and  modFti 
wed  as  an  activator  of  other  genes  until  studies  providing  direa  proofof  ModE's 


MC4IOO(APCSO) 

SE4110(iPC50) 

SE41l0(Ai>C50) 

IpAGI) 


4(«i*--7acZ) 

^{narC  *-  ’/acZ)  AmodE-km 

(KnarC  ‘lacZ)  AmoJE-kzn.  modE" 


^elte  were  grown  in  LBG  medium  supplememed  with  40  m 
iriM  sodiuin  moiybdnle.  Enzyme  ociivKies  arc  expressed  os 
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imenKiion  wiihihese  oiher  genes  (biudine  studies,  footprimiog  experiments,  etc.)  lave 
been  ccn^leted. 


CONCLUSION 


Proper  ftinnkm  ofthe  coinpleineni  ormolybdoenzymcs  present  in  E.  coU  requires 
the  synthesis  of  the  molybdoplerin  guanine  dimicleoiide  form  of  the  molybdenuin  co&clor. 
The  successfiJ  production  of  the  molybdenum  cofiurior  is  predicmed  on  the  presence  of  an 
intracellular  pool  ofmolytxinte.  In  the  typical  £.  eaU  habitat,  on^  trace  amounts  of 
molybdale  are  likely  to  be  found.  This  low  level  of  molybdate  inf.  roll's  environment 
necessitates  the  existence  ofa  high-afBnity  molybdate-^ecific  transport  system  in  £.  coll. 
Sucha  trortspon  system  has  been  identilied  and  is  coded  by  the  gertes. 

However,  a number  of  consideraiiuns  such  as  the  foct  that  £.  roll  possesses  only  a 
few  enzymes  requiring  molybdenum  and  that  the  majority  of  those  enzymes  ore 
membniiK.associated  and  are.  thcrafore.  sparingly  produced  in  the  cell,  and  the  foct  that, 
nt  high  intracellular  concentrolions.  molybdate  is  toxic  to  the  cell  would  suggest  that  the 
mnlybdaie  transport  system  be  regulated  in  m^ret  to  moiybdate  availability.  Indeed, 
expression  of  the  motybdale*specilic  transporter  gertes  was  found  to  be  negatively 
regulated  under  condiiiona  of  intiacellulnr  molybdale  saturation.  Isobtion  of  an  E.  coll 
sutiin  (strain  SE181 1)  which  did  not  exhibit  molybdate-induced  repression  of  the 
operon  led  to  the  idcnttiicaiion  ofa  proieia  designated  ModE,  whicb  is 
for  the  molybdate-dependert  repression  of  Iransciipiion  of  the  Iranspoit  genes. 
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modABCD  t 


Subsequent ; 


by  demonstrating  that  ModE,  in  the  presence  ofl  mM  molybdate,  substontiiiily  reduced 
the  production  of  plasmid-encoded  ModA  and  ModB’  proteins  in  a coupled  trarotription- 
ininslation  system.  Further  supporting  evidence  was  provided  by  the  successfiil  binding 

DNA-mobOity  shift  experiments.  Also,  the  DNA-mobility  shift  expcriinents  showed  that 
the  binding  of  ModE  to  Us  target  DNA  required  molybdale  since  an  apparent  Kp  of  0.22 
pM  was  calculated  fbr  the  binding  of  ModE  to  DNA  in  the  presence  of  10  pM  molybdate, 
whereas  landing  in  Ihe  absence  of  molybdate  did  not  occur  to  an  extent  whkh  would  allow 
calculation  ofa  K„  value.  It  was  abo  shown  that  half-maximal  binding  of  ModE  to  motU 
opetatot/proinDier  DNA  resulted  when  6 pM  molybdate  was  presem  in  the  btndiig} 
reaction.  The  difleicnce  in  the  dissociation  conslams  for  the  binding  of  ModE  lo  the  DNA 
(0.22  pM)  and  the  apparent  dissociation  conslani  of  molybdale  lo  ModE  (6  pM)  suggests 
that  Ihe  binding  of  molybdole  to  ihe  ModE  protein  serves  as  the  limiting  step  in  ihe 
tnicraciion  of  ModE  whh  the  modi  operaior/promoler  DNA. 

DNase  l-foulprinting  ei^rimenis  revealed  that  ModE  binds  to  the  mo<U 
operaton'promoier  DNA  at  three  locations,  and  that  the  sequences  ‘TAT  AT'  and 
‘TACAT'.  present  in  ihese  DNase  I-cleaviige-proleaed  regions,  constituie  the  ModE 
recognition  sequences.  The  feci  that  the  ModE-DNA  complex  fonned  in  the  DNA- 
mobility  shift  experiments  consisls  of  only  a ModE  dimer  bound  lo  ihedj-bp  mmU  DNA 
implies  that  ModE  is  foiming  only  a loose  assoeiaiion  with  one  of  the  three  DNase  I- 
elenviige-protecied  regions,  and  that  this  loose  association  promotes  the  subsequent  sl^le 


Dlher  two  binding  sites.  This  possible  bindit^ : 


dimenc  binding  of  Mod£  to  the  o 
wassupponed  by  ModE  litmun  cxpenmenis  and  the  corollary  DNA-mobility  shill 
otperimems  (Table  9 and  Fig.  17)  which  indicate  that  the  first  end  second  binding  sites  are 

three  sites;  however.  Ilirther  studies  which  con  discnminole  the  order  of  binding  need  to  be 
conducted  to  confimi  this  particular  scenario  for  the  binding  ofModE  to  the  DNA. 

Isolation  of  the  TI7SI  and  G133D  mutant  ModE  proteins  which  are  capable  of 
repressing  the  otodUflCDoperon  in  the  absence  of  molybdate,  was  crucial  to  the 
identification  oftheTSARNQXXG  amino  acid  sepuence  (or  variations  thereof)  that  is 
present  in  the  M mfluerau.  A.  vinelandli.  R.  capsulaius.  and  C.  paneurimum  ModE 

to  interact  whh  mo  lybdale  suggesting  that  this  stretch  of  amino  acids  is  most  likely 
invohed  in  the  biDding  of  molybdate  by  the  ModE  protein  as  well  as  in  the  other  proteins. 
Allhou^  the  mutation  analysis  has  provided  some  intbrniaiion  in  lernisof 
stmctirre/fiiDciioii.  confirmalion  ofihe  imerpreialioiisufthese  results  requires  X-ray 
ciysialJograpKic  or  NMR-based  smiciural  studies. 

characteristic  of  repressor  proteins  that  require  modillcalbn  for  ftmclion.  However. 

ModE.  itsclE  was  also  shown  to  regulate  addiitonal  genes  other  than  the  modABCD 
operon  when  it  was  dcmonsitaied  that  ModE  negatively  regulates  modF  in  a molybdate- 
dependent  fitshion  but  enhances  the  expression  of  oorG.  Preliminary  studies  also  indicate 


riplion  of 


*eU(27.68).  Thus.il 


IOC 

appears  ihai  ModE  liiiKUons  primarily  to  repress  Ihe  expression  of  the /notUACC  genes 

genes  utiicli  are  involveci  in  mDlybdeie  meiabolism  in  order  to  oplimizeE.  coU's 
biosymhelic  and  energy-producing  sysiems  under  varying  condilions. 
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